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PREFACE 


Growth in electronics has been ust A and thisin turn has changed the ` 
life style of people. The ease, precision, sophistication and flexibility provided by 
electronies in all kinds of modern systems such as communication, computer, 
control, automation and entertainment has made it a very important subject. of 
study for engineers of all specialisations. Electronics has, therefore, been made 
a Core subject in engineering curricula of all disciplines including those not specia- 
lising in Electrical Engineering. 


This book on ‘Basic Electronics’ has been written as a text book fulfilling the 
needs of first year engineering curriculum. It aims at developing fundamental 
concepts, imparting a basic knowledge of the working of devices and explaining 
how the devices are used in circuits and systems, Any student having a back- 
ground of Physics and Mathematics at the Higher Secondary level and an expo- 
sure to one course in Electrical Circuits can use this book effectively. It is also. 
suitable for self reading and it is hoped that the practicing engineers will find it 
useful for refreshing fundamentals of electronic devices and circuits, 


Greater emphasis has been laid on concepts rather than rigour ‘and analysis 
is included only to support. the physical ideas, Quantitative treatment of cir- 
cuits and devices and a large number of worked out examples have been used to 
illustrate the concepts. The review questions at the end of each chapter are inclu- 
ded to help.the student guage his own depth of understanding and are meant for 
self testing. Some problems are also included and should be worked out at home 
to give a good grounding of the subject. 


Chapter 1 is an introduction and Chapter 2 describes some of the physics 
needed to understand the working of electron devices, Chapter 3 deals with 
devices and is one of the most important chapters in the book. It describes the 
mechanism of operation of various electron devices. Technology of manufacture 
of some of the devices is given in Chapter 4, It also explains how the present ICs 
are fabricated. Chapter 5 introduces the idea of how a: device can be represented 
as a circuit element. It also describes the properties and characteristics of ideal 
amplifiers, Once the reader understands some of the generalised circuit concepts 
described here, the analysis of a specific circuit will be easier to follow later on. 
Chapter 6 deals with amplifiers which are possibly the most important building 
blocks in any circuit or system. Single analysis of the operation of the amplifiers 
using BJT, FET and vacuum tubes, their terminal characteristics and frequency 


v 


response are presented in the chapter. With this as a background, more complex 
amplifiers and other analogue circuits will be easier to understand. 


The parameters of a device change from one unit to another and are sensitive 
to variations of temperature. Negative feedback is used to make an amplifier 
more reliable and stable against these variations and other circuit variations. 
Chapter 7 introduces the concept of feedback and shows how the terminal cha- 
racteristics can be controlled by using feedback. With the advent of ICs many 
amplifiers can be packaged into a single chip as small as the size of an ordinary 
iransistor. Instead of designing circuits around discrete devices, they are now 
designed functionally using Operational Amplifiers. Operational Amplifiers are 
described in Chapter 8 where some details of theinput and output circuits and 
problems of stability are also discussed. 


The world of Electronics itself is going through a digital revolution. Signal 
processing, storage, transmission and display of data have become much simpler 
with the use of digital technology. Very Large Scale Integration (VLSI) techno- 
logy makes available large systems such as computers, communications aud signal 
processors etc. on a single or à few chips. Chapter 9is devoted to an explanation 
and description of logic and digital circuits. It explains how the devices are used 
to realise a given Boolean function and thereby an artithmetic (digital) operation, 
Sequential circuits like shift registers and counters which perform digital operations 
as a function of time are described in Chapter 10. The emphasis is on under- 
standing of the underlying principles of the digital circuits. 


Chapter 14 describes the generation of various waveforms like sinusoidal, 
triangular and pulse which are needed in all electronic systems. Finally Chapter 
12. is devoted to a very essential subsystem of all electronic systems and that is the 
Power Supply. A brief analysis of some power supply circuits is presented. The 
book is concluded with a few appendices. Some experiments with details of cir- 
cuits and procedures are suggested in Appendix A. Other Appendices give typical 
device data, physical constants and deci Bel (dB) conversion table for: ready 
reference. 


The book has more material than whet сап be covered in one semester. 
Alternative teaching programmes have been suggested and the teacher may decide, 
depending upon the interest of students and their requirements, the depth he can 
go to and the plan he wants to follow. 


The subject matter of this book has been used for teaching more than 1200 
engineering and science indergraduate- students of all disciplines over the past 
three years at the first year level at the Indian Institute of Technology, Kharagpur. 
The students found the noteg useful as a text material for the subject. We thank 
all the faculty members and the students for their valuable comments and sugges- 
tions. We are extremely indebted to Prof. S. Lal, former Director of ПТ, Kharag- 
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pur who inspired and encouraged us to prepare this text book. ` We are grateful 
to Prof. G. S. Sanyal, Director, IIT, Kharagpur for‘his good wishes; We are 
thankful to the curriculum development cell of IIT, Kharagpur for providing 
financial support required for the preparation of the manuscript. Our sincere 
thanks are due to Prof. U. S. Bharadwaj of the Department of A.R.P., IIT, 
Kharagpur for bis help in designing the cover. We are also thankful to Mr. K. 
Dutta, Mr. S. C. Dey, Mr. D. Dalui and Mr. M. Basu for their untiring efforts in 
typing the manuscript and preparing the drawings. Finally we thank all those who 
have contributed to the preparation of the book in various ways. 


Nov. 12., 1984. M. N. Faruqui 
S. L. Maskara 
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As has been suggested in the Preface, this book contains more material than 
what can be covered in a course of one semester only. Though the description ot 
the devices and the analysis of the analogue and the digital circuits are interlinked 
they have been presented in a fashion which would enable the teacher to follow 
any one of teaching plans suggested below. In one scheme he may proceed in 
the conventional sequence of devices, analogue circuits and then digital circuits, 
as followed in the book. In an alternative scheme he may take up digital circuits 
immediately after the devices and cover analogue and linear circuits at the end. 
Either of the schemes can be followed with equal ease and facility. 


Number of lectures iucluding tutorials which can possibly be devoted to each 
topic has been given in the Table below. Tt is assumed that a total of 52 lectures 
plus tutorial hours are available in a semester. Two lecture plans are suggested. 
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Electronics is better understood if itis supported by experiments. The first 
level experiments suggested in the Appendix A are aimed at providing a ‘hands on’ 
experience to the students. The first two experiments are basically of demons- 
tration type and are meant for familiarization with components, devices and 
instruments. One of the most important instruments used in the laboratory is 
the Cathode Ray Oscilloscope. A Section has been devoted to the description of 
Cathode Ray Tube in the Chapter on the devices. The students would appreciate 
the experiments better, if they are performed in the same order as given in the 
Appendix. The objectives and the procedures of an experiment may be introduced 
in the first hour of the laboratory class, or in the tutorial class attached to this 
course. The experiments on op-amps and logic circuits would create interest 
among the students and so they should be done first. Experiments with discrete 
devices such as the transistor amplifier should.be done only when they are ready to 
appreciate the details. 
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gain with feedback 

constant ; nominal generalised midband gain 
base terminal 
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capacitor ; collector terminal 
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quantum level; anode-cathode seperation; deflection plate’s 
seperation 

energy; electric field; emitter terminal 
anode potential 
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electron volt 
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electric field intensity in y direction 
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feedback function 

feedback factor 


frequency at which £ falls by 3db 


cut off frequency 
higher cut-off frequency 
lower cut-off frequency 
midband feedback ratio 


;resonant frequency 
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frequency at which gain becomes unity 
known signal frequency 
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Symbols What they stand for 


б, current gain ; input, conductance ; 
Gie external current gain qeu 
Git internal current gain 
Lm transconductance 
1 
Go (= 3, output conductance 
Gp power gain 
С, voltage gain 
Gra differential voltage: gain 
Gs external voltage gain 
Go internal voltage gain 
Gy transfer admittance 
Gz transfer impedance c 
h Planck's constant piu: 
hye Small signal short circuit current gain in common emitter case = ff 
hro d.c. current gain in inverse mode 
hrg d.c. current gain in common emitter case n 
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Tos, hy, hy ete. hybrid parameters 


H (jo) transfer function with s = jo 

H (s) transfer function 

H- Hertz, frequency unit а 
I current 

i, i(t) instantaneous current 

I4 anode current; current at operating point 

Isg quiescent anode current 

I, input current in the OP-AMP. 

Tee a.c, currrent 

Ig base current 

Isg quiescent base current 

lo d.c. collector current 

L collector current : 
Ісво,1со quiescent collector current 

1% reverse saturation current 

Ісво collector current with J, = 0 , f 
Ip drain current А 
Гау laz current through diodes 

Tae d.c. current 

Toss drain current with Veg = - 
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plates 

length of deflectron plates 
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electrons injected in base from emitter 
intrinsic carrier density 

electron density in p material 
thermally generated electron density 
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holes in base 

thermally generated holes in base 
power dissipation in collector 
thermally generated holes in collector 


power dissipation in the device 
power from the d.c. supply 
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holes injected into emitter 

signal power in load 

hole density in n region of a material 
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power at the input and the output port 
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electronic charge 
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base resistance 

T-parameters of the transistor 

base spreading resistance 


base(internal) to collector resistance in the hybrid 7 model 
base(internal) to emitter resistance in the hybrid 7 model 


collector resistance 

collector junction resistance 

collector emitter resistance in the hybrid 7 model 
parallel combination of Rg and Rz 

drain resistance 

small signal output resistance of FET 

resistance emitter 

emitter junction resistance 

equivalent forward resistance of diode 
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input resistance 

input resistance at terminal B 

input resistance with feedback 

load resistance 

resistance which accounts for the loss in inductance 
output resistance 

output resistance at terminal A 

output resistance with feedback 


open circuit output resistance 
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reverse resistance 

internal source resistance 

current limit resistor 

surface area ; stability factor ; signal amplitude 
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s 
s=0 4 jo 


Vs 


Vpg (cut-in/ 
cut-off) 
Van 

Van 

Var 

Vgg (sat.) 
Y» 

Vy, 


What they stand for 


quantum level 

Laplace variable 

deflection sensitivity 

sensitivity to parameter K 

temperature ; time period 

loop transmission function 

time 

number of loops which touch horizontal tangent line 
time for spot to move 


number of loops which touch vertical tangent line 


voltage 

velocity ; voltage 

anode potential 

quiescent anode vollage 

accelerating potential, input voltage between positive and negative 
terminals Be 
break-down voltage ; Thévenin's equivalent voltage at the base ; 
voltage at the base 


base emitter voltage when the transistor is in cut-in or cut-off 
voltage drop across the bar in UJT 

power supply in the base circuit; plate supply voltage 
base-emitter. terminal voltage 

base-emitter voltage where transistor is in saturation 

small signal equivalent base-emitter voltage - 

small signal equivalent base (internal) to emitter voltage 
Breakover or firing voltage 

voltage at collector ; collector voltage with respect to ground 
voltage across the capacitor, signal output at the collector ; common 
mode signal 

power supply in the collector circuit 

collector-base terminal voltage 

collector-emitter terminal voltage, collector-emitter drop 
collector-emitter voltage open base 

quiescent collector emitter voltage 

collector emitter voltage (Vggz—O) 

collector-emitter voltage when transistor-in saturation 

‘drain supply voltage 

drain-source voltage 
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Symbols What they stand for 


Va barrier potential, threshold voltage across diode; voltage across 
Ё deflection plates, differential mode signal. 
Vg emitter voltage with respect to ground 
4771 voltage drop (external) in UIT 
Vebi voltage drop across lower portion of UIT 
Vez emitter supply — 
Vg grid -voltage t 
Veg gate supply, voltage ; grid supply voltage 
Vag quiescent grid voltage 
Vas gate-source voltage 
Vs small signal equivalent gate-source voltage | 
Y, load voltage i 
Vn peak voltage 7 
Us electron velocity 
V, output voltage 
Voa output voltage at A 
Vp pinch-off voltage 
Vp hole velocity 
Vp peak voltage in tunnel diode ; firing voltage in UJT ; total change 
in voltage across a capacitor while discharging. 
Vn reverse voltage 
Ули reference voltage 
5 source voltage 
V SENSE sense voltage in OP-AMP Р 
» valley voltage in tunnel diode 
V, zeher voltage 
V, Va typical voltage level at output and input terminals. 
Ww bandwidth Е 
X displacement 
Xe Capacitive reactance 
Xy inductive reactance 
Y displacement, admittance 
Y;, Yo driving point input & output admittance 
Y Ya admittance 
Zg impedance in emitter circuit 
Zi driving point input impedance 
2, input impedance 
: Zo driving point output impedance 
di Zo output impedance 
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Current gain 

current gain inverse mode 
current gain normal mode 
current gain é 
determinant 

efficiency 

deflection 

ignition angle 

extinction angle 

wavelength 

ripple factor 

mobility ; amplification factor 
mobility of electron 

mobility of hole 

time constant 

electron conductivity 

hole conductivity 

radian frequency 

frequency of oscillation 
frequency where 6 falls by 3db 
transition frequency where gain equals unity 
cut-off frequency 

generalised .voltage and or current 
distortion voltage or current 


millivolt 
milliampere 
kilo-Ohm 
mega-Ohm 
microfarad 
centimeter 
microampere 
picofarad. 
deci Bel 
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An Overview of Electronics 


1.0 Introduction 


Electronics today stands at the forefront of the rapidly expanding horizon of 
Science and technology. Global communication of information, digital computers, 
data processing at incredible speeds, robots control of machines and processes, 
control of energy, management: of environment, detection of targets, remote 
sensing, fast medical diagnostics are the gifts of electronics. 

An attempt has been made here to develop an understanding of the basics 
and fundamentals of this vast subject. 


1.1. What is Electronics ? 


Electronies today is a discipline and can not be defined in brief. Primarily 
itis a subject dealing with "devices where the generation and the flow of 
electronies are controlled. Circuits, subsystems and systems are instrumented 
using these electronic devices for carrying out different operations. "Тһе science 
and the engineering of electronics are less than: 100 years-old. Developments 
in electronics have been very fast, particularly .óver. the past three decades, and 
the industrial and commercial applications have fortunately kept pace with 
these developments. : 

Even though electricity was discovered two centuries ago it was understood 
well only after the foundations of atomic theory were laid and the structure of 
matter was explained. Flow of electrons through conductors causes an electrical | 
current. It is really the discoveries of flow of electrons through vacuum, gases 
and solids which gave birth to electronics and opened entirely new and unlimited 
avenues in all fields of science and technology. 

The electronic device which dominated the scene of electronics for the first 
half of this century is the vacuum tube. It consists of electrodes: called 
cathode, anode and grid etc. enclosed in an evacuated. enclosure. In the 
simplest construction the tube has a cathode and an anode. The cathode emits 
electrons mostly by heating it, directly or indirectly, to high temperatures and 
the anode collects. these electrons when kept at a potential higher than the 
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cathode. Symbolically*it is shown in Fig. 1.1 (a). Since the charge of the 
- electrons is negative, they are attracted by the anode kept at a higher positive 
+ potential Thus,a current flows from the positive terminal of the battery via 
the anode and the cathode to the negative terminal of the battery. Obviously, 
there is no current flow when the battery terminals are reversed since the negative 
anode now repels the electrons back to the cathode from where they came out. 
This device works as a valve since it allows current flow only in one direction 
_ and is appropriately known as a ‘Electronic valve'. A third electrode with a grid 
type structure and known as the ‘grid’ is introduced in between the cathode and 
the anode as shown in Fig.1.1 (b) The grid controls the flow of electrons 
through the valve if its potentialis negative with respect to that ofthe cathode. 
This device where the current flow in the valve can be controlled: externally has 
iremendous capabilities. For improved working, greater control and flexibility 
more grid type electrodes are interposed between the anode and the cathode as 
shown in Fig. 1.1 (c). Depending upon the total number of electrodes the device 


Vacuum _; 


Electrons 


Cathode 


Filaments 


Cathode Cathode 


(b) Triode : (c) Pentode 


Fig. 1.1. Vacuum devices 


is known as diode, triode, tetrode, pentode and s 
now! Д о on. The vacuum inside the 
enclosure helps the electron: eniission from the’ cathode and prevents generation 


It thereby avoids’ erosion of the 
as gas tubes where’ inert gas at very 
many special applications. 
= ite half of this century has seen a great revolution in the develo 
electronic devices.. Control of the flow of electrons through solids 
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mainly semiconductors instead of vacuum resulted їп solid’ state devices 
dispensing with the heating required to generate the electrons. These devices 
are orders of magnitude smallerin size. Semiconductors do not conduct at 
absolute zero 'temperafure because of their stable atomic ‘structure but allow a 
limited electrical conduction at room temperatures where their covalent bonds 
break resultingin generation of free electrons. Silicon, Germanium and Gallium 
Arsenidé are good examples of semiconductors. When the number of electrons 
in the outermost shell of any atom ‘are either more or less than the number 
required for a stable structure, the material hasa higher conductivity. In 
semiconductors the presence of some impurities in small quantities upsets the 
atomic structure and causes electrical conduction. If these impurities are added 
to the pure semiconductor, then an éxtrinsic or ‘doped semiconductor is 
obtained. The doped semiconductor having an excess of electrons is known 
as n-type semiconductor. An absence of an electron from a stable structure is 
called a ‘Hole’ for convenience and is said to possess. a positive charge. The 
doped semiconductor having a lesser number of electrons than required for a 
Stable structure is said to be having an excess of holes and is - as p-type 
semiconductor. 


A composite semiconductor having two distinct p-type and n-type materials 
joined together by a metallurgical: junction, as shown symbolically in Fig.1.2, has 
functions similar to that of а vacuum diode dis- 
cussed earlier. Such a solid state device, when 
connected to the battory..terminals as shown in 
Fig.12(a) allows the current to flow in one 
direction only. 

The: holes. being the positive charge carriers 
are made to cross the pn junction when а positive 
potential is. applied: to the electrode on the p (a) Semiconductor diode 
side. Electrons similarly, cross the: junction іп current flow 
the other direction and. come to the p-region. З 
Reversal.of the battery. terminals prevents the Anni psp ace 
electrons and the holes from. crossing the junction Cathode 
and thus the current flow stops. It is to be noted (b) Electrical symbol 
that the current flow in these devices is due to the 1 
positive as well as the negative charge carriers. 2 Mr pte gen 

Two such pn junctions result in a three terminal device called a transistor 
as shown in Fig.1.3. The three terminals are known as the emitter E, the base В 
and the collector C.: Given appropriate potentials the current flowing from E to C 
or vice versa is controlled by the current flowing through the terminal B. "This solid 
state device is very small in size and consumes much less power than the vacuum 
iube but has similar capabilities of amplification, control, switching, etc. Its 
attractive features of small size, weight and power consumption has made it possible 
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to replace the vacuum tubes in many applications. Sustained efforts in improving 
the technology are resulting jn. a phenomenal reduction in size of these solid state 
devices. They have been miniaturized to the extent of packaging 1500 to 2000 
devices in a small chip of 4 mm x4 mm area. The newer technologies are constantly 
aiming at increasing the packaging density. The technology is referred to as small, 
medium, large and very large scale integration (SSI, MSI, LSI and VLSI). 

Both the vacuum tubes and the solid state devices are known as active devices 
because they normally require.a power supply for operation and the current flow 
through them is. unidirectional. The conventional electrical components such as 
resistances, capacitances, inductances and transformers are known as passive devices, 
Electronics is a science and engineering of fabricating these active and passive 
devices and connecting them together in order to carry out a particular desired 
operation. 


1.2 Scope of Electronics 


Scope of electronics is limited only by one’s own imagination, Though it - 


started with the idea of amplifying sound signals, it has now major applications in 


Emitter 


Emitter Coliecter 


(a) pnp 


Fig. 1.3 Transistor 
communications, switching, computers, control, automation, automobiles 
medicine, bioengineering, navigation and radar etc. To be able to appreciate its 
capabilities fully, let us first understand what a signal is. In all these applications 
of electronics it is the signal, in one form or the other, which is being processed 
A signal is the electrical form of any physical phenomena, The information’ 
carried by the signal (also referred to as message, data etc.) is usually random 
in nature, that is, it can not be foretold. with certainty and varies with time 

We wish to measure, store, process and convey an information, sometimes owe 
very long distances... All this is possible with the help of electronics. 

The electrical or the optical form of the signal is most’ suitable — transmi 
ssion over long distances using either guided media such as pair of wires al 
coaxial cables, circular and rectangular tubes (known as wave-guides) o. tical fib ; 
etc. or free space. Generally the signal becomes quite weak when paren CM 
ae "oM and it becomes necessary to amplify it to make it usable "a 

an.be done by g vacuum or solid state i starting Mrs 
ap оны information bearing Faf оп ^em esp pro sa 

an ir i 

y, quent transmission over the desired medium and detection at 


the receiver, electronics pla: i 
2 Plays a major role, In many industrial applications, 


AN OVERVIEW OF ELECTRONICS 5 


manual or automatic, the signal actuates and controls operations made possible 
by electronics. Speech, television, written message and other natural signals are 
processed for ease of their storage, transmission and display. The electronic 
devices and circuits carry out these operations. 

The signal can either be analogue having infinite amplitude levels or digital 
with finite and discrete number of levels. Instrumentation of systems becomes. 
simpler and accurate with the digital form of the signal, Thus analogue signals 
are converted to digital form for storage, processing or transmission and are then 
recorverted back to the analogue form if so desired. One of the marvels of elec- 
tronics is the modern digital computer which processes the information digitally. 
Faster and bigger computers are being designed today which perform millions 
of arithmetic and non-arithmetic operations in fractions of a second. With 
the enormous size of the memory at its command the computer has become a 
major and possibly the most important tool in automatic industrial processing and 
control, data processing of various types and vital decision making processes. 

The signals we have been describing so far are all functions of time and 
can also. be represented in the frequency domain with the help of Fourier series and 
Transforms. The frequency domain description may not be unique but in many 
applications it is important to know the frequency (spectral) content of the signals. 
Table 1.1 shows the frequency content of some of the most important natural 
signals. 

When we consider the processing of these signals, care has to be taken 
to see that the spectral content of the recovered signal is not altered. 


Tabie 1.1 
Spectral Content of Signals 


Signal „> Spectral Content | 


. Telephone Speech - —. '300Hz to 3.4 KHz 
Entertainment quality speech 
an dni 20Hz {0.20 KHz 
Television picture ^ . de to 6 MHz 


Teleprinter Signals _ 10 to 75 Hz 
a CCCo 


Most of the mathematical problems can be solved numerically. Since the 
electronic devices have two states of either a flow or a no flow of currents 
through them, they can be electrically controlled and are used to represent 
binary numbers. Thus these devices can carry out mathematical operations, like 
addition, subtraction multiplication. and division etc, of. binary numbers. 
Today's calculators, micro, mini and large computers are based on binary 
operations performed by the electronic devices. 

We, thus, realize that- electronics has made it possible to amplify, store, 
process, transmit. and display information bearing signals. It can carry out 
computation, control and automation operations as well In terms of these 
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basic operations we can employ the techniques of electronic processing for 
any other sophisticated instrumentation, 


1.3. Scope of the Book 

As one can appreciate, the vast field of electronies with its ever increasing 
applications cannot be contained in a single volume. Only underlying princi- 
ples of some of the basic devices, circuits and their applications have been dealt 
with in this book, Depending upon one's requirements and interests, either 
further higher level courses have to be taken or advanced books have to be read. 
This book only serves as a first small step to the whole new world of electronics. 

In the previous sections we have given a bird'seye-view of what electronics is 

and what it does. It should be clear by now that to appreciate electronics and its 
applications the physical properties of the devices and its applications have to be 
understood. In the second chapter, therefore, we have discussed the properties of 
the materials and the devices made with these materials. Atomic and crystal 
structure of materials have been discussed and properties of materials suitable : 
for electronic devices have been explained. These devices are required to be 
connected in a circuit to form a subsystem or a system which would perform 
ха desired task. For this purpose it is important to understand the terminal 
behaviour of these devices. Chapter III has been devoted to an explanation 
-of the characteristics of many commonly used devices. ‘How’ are these devices 
made ?’ is a natural question of any beginner in Electronics. Knowledge of the 
technology of making these devices enhances the understanding of the devices 
and one can then make a better use of them. Chapter IV deals with the 
technology of the devices. In fact technology of these devices by itself has 
been of great value to the modern developments in Science and Technology 
in almost all fields, 

Devices in isolation cannot do anything. One has to learn to connect them 
in circuits which form a part of a subsystem or a system. The most important 
single electronic circuit is the Amplifier. Other circuits can be thought of as some 
variation of the amplifier and ils associated passive circuit. Thus the subject 
matter of chapter V and VI is circuits and amplifiers, In all automation, control 
and practical systems’ the concept of feedback is very important. One has to 
a the А ч ШЫ, useful system and compare it with what is desired 
‘correct ШКМ ЫШ, Me uci Nm hd ae ота 
lively used in Blectronted ‘Pherefore f dh Eun ие 
inthe book. The early ре could vd сы st ignis ue oe 
the size of electronic devices and com e : s «её жааан, 
; Um А ай been à very important requirement 

or many applications. In fact, miniaturization’ has opened many new f 
application. altogether. The greatest, developments in electronics » ноа 

have been in miniaturization and micro-miniaturization where large лз. 96, 
vices and components have been packed in a very small area resulting in Integrated 
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Circuits (IC). Integrated circuit amplifiers have been explained in Chapter VIII. 
One may ask a question viz. what is the necessity now of learning the basic 
devices when the ICs are available. The answer to this question is that the ICs 
after all consist of active devices, and in order to make their proper use and to 
find new applications, we have to understand these basic devices well. Under- 
standing of these devices may not be necessary for a layman or a housewife using 
electronic gadgets but it is very important for an engineer, who has to maintain 
and make these gadgets and who has to find their newer applications, to know these 
devices well. 2 

A major thrust and achievement of electronics is in the area of computer 
communication and instrumentation where accuracy and reliability are of 
prime importance. Digital Electronics forms the basis of these applications and 
isexplained in Chapter IX and X. 

In many Communication and Instrumentation applications, there is a need 
io generate different kinds of electrical waveforms such as sinusoidal, triangular, 
rectangular and so on. Generation of some of ‘these important waveforms has 
been given in Chapter XI. : 

Most electronic circuits and many electrical systems require D. C. power 
Sources. Since cómmon electrical power sources are A.C. a conversion of AC to 
DC is very important. Further, in many applications it is required to keep 
either the electrical voltage or the current fixed even when. the supply and the . 
load voltages change because of some practical reasons.: The fundamental 
principles underlying this power conversion and regulation have been discussed 
in Chapter XII. 


Review Questions 


1.1 What are the differences between a vacuum and a solid state electronic 
device ? 

12 Name the different electrodes of a Triode and explain their purpose. 

13 Why is an electronic device called a valve ? ey 

1.4 When does a material act as an insulator, a semiconductor, a conductor ? 
Explain with reference to their electronic structure. 

1.5 What are the n-type and the p-type semiconductors ? 

1.6 What is an active device ? 

1.7 What is a signal ? 

1.8 What is a digital signal ? 

1.9 What is the spectral content of (a) telephone quality speech signal 
(b) Television signal. 

1.10 What can electronics do to information bearing signals? _ 


2. 


Physical Properties of Electronic Devices 


2.0 Introduction 


In this chapter we shall discuss the structure of atoms and explain the con- 
ditions under which a particular material becomes a conductor, an insulator or 
а semiconductor. After a brief description of the crystalline structure of mate- 
rials we shall go over to the solid state devices and explain their properties in terms 
of the atomic and the crystalline structure and the externally applied electric fields. 


2.1 Electronic Structure of Atoms 


Since we are ‘primarily concerned here with the flow of electrons, through 
either vacuum, gases under low pressure, or semiconductors, a knowledge of the 
structure of atoms is essential. In the Bohr's model of an atom, almost the entire 
mass and the total positive charge of the atom are concentrated in the nucleus at 
the centre and the electrons with their negative charge surround the nucleus like 
a cloud as shown in Fig. 2.1. The electrons occupy specific orbits with discrete 
energy levels known as the quantum levels, Their distrbution amongst different 
energy levels follows well known quantum-mechanical laws including the Pauli’s 
exclusion principle, The electrons nearest to the nucleus have the lowest energy 
level and are tightly bound to the nucleus, They require the largest amount of 


è M3 
„Electrons YO dias ( 
-—-- ^ 
Ped `, 
A mS 
Nucleus i (A N ouf 


Fig. 2,1 Bohr's Atomic model Fig. 2.2 Energy lovel diagram ofa 


hydrogen atom 
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energy to move from their orbits. On the other hand the electrons away from the 
nucleus are obviously: less tightly bound to it and have the highest energy. They 
require much less energy to be removed from their orbits, ‘The energy level dia- 
gram of an hydrogen atom is shown in Fig. 2.2, where we seo that the electron in 
the first orbit designated n = 1 has ah energy of —13.58 eV. "The electron-volt 
(eV) is a unit of energy and is equivalent to the work done in making an electron 
move through a potential difference of 41 volt. Energy associated with 
1 eV = 1.602 х 10-?? joules, 1 і 


The dotted circles show other energy levels which the eiectron can occupy. 
The electron can move to higher energy levels i.e., to the outer orbits by acquiring 
energy from an.external source. - Similarly, an electron can undergo a transition 
from higher to alower state by losing energy in the form of radiation. For example 
in moving the electron from the level n=4 to n —2, an external energy, equal to 
10.19 eV (13.58—3.39), is to be supplied to the atom. Similarly when. the elec- 
tron comes back from the level = 2 to n.— 1, it releases 10,19 eV of energy in 
the form of radiation. An energy of 13.58 eV will be required to remove the elec- 
tron completely from the atom. We must remember that. electrons cannot occupy 
ointermediate levels between 1 and 2 or 2 and 3 еіс. For example, if an energy of 
say 8 eV is given, the electron does not move and occupy a level intermediate bet- 
ween 1 and 2. Since the electrons occupy discrete orbits havig discrete energy 
levels, they emit or absorb discrete amount of radiation energy in transition. 
The energy E and the frequency, of radiation f are related by 
Е =} ; 
where h = Planck's const = 6.625 x 10734 joule-sec, E is in joules and f is in hertz. 
Example 2.1.1 


In a hydrogen atom the electron was excited to the level n =2 Calculate 


the frequency of the radiation when the electron comes back to the original stable 
state n = 1 


E 
fisadi 


_ 10.19 x 1.602 x 10-19 
|... 6.625 x 10-94 
or f = 2.464 x 10% Hz 
With this understanding of the structure of the atoms, we now see how solids are 
formed by a congregation of many atoms. 
2,2. Formation of solids —сгузќаШпе structure 


There, are two forms in which solids exist — crystalline and non-crystalline 
(or poly-erystalline). The crystalline solids have almost perfect structures and 
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have been studied very well. They are suitable for the solid-state devices of our 
concern and we shall focus our attention on them only. 

A molecule consists of many atoms of either similar or dissimilar elements 
and the solid consists of many moleculesor atoms together. The relationship 
between the molecules and the solid is similar to one existing between the electrons 
and the atom.. Just as an electron in an atom has energy, the atoms and the mole- 
cules in the solid have energy. Primarily, the electrostatic attraction and the 
quantum mechanical forces are involved in keeping the atoms and the molecules 
together in a solid. There are three important kinds of bonding amongst the 
atoms and the molecules of a solid. These are (i) Ionic (ii), Covalent and (iii) 
(iii) Metallic bonds. | 

Some molecules are formed and are held togethér by the transfer of elec- 
trons from the outermost shell of one atom to another. In this process both 
the atoms get ionised. The atom which loses the electron is ionised positively 
and the atom which gains an electron is ionised negatively. "This establishes an 
electrostatic attraction between the two atms and they are bonded together by 
what is known as the Ionicbond. One may wonder why the two oppositely ionised 
atoms do not fuse into one another due to this electrostatic attraction. The 
reason for their not fusing together is that as the two atoms start coming closer, 
their outer-most shells overlap and the electrons are concentrated in a small 
volume. This sets up a repulsive force in the system.’ Further, Pauli's exclusion 
principle prevents overlap of two atoms whose outer shells are occupied. ‘Thus, 
the atoms come to a certain stable distance with respect to each other and the 
molecule so formed is stable. We can consider sodium chloride as an example of 
the ionic bond. Sodium is an alkali metal and has one electron in its outermost 
shell. Chlorine is a hallide and has one electron less in its outermost shell. The 
excess or shortage is with respect 
to the stable state. The transfer of 
the single electron from the outer- 
most shell of the sodium atom to 
the chloride atom leaves the sodium 
atom positively charged while the 
chlorine atom becomes negatively 


зан C) - 

Фә Chloríne charged. With this ionic bonding 

Na cl (2+8+7) between the sodium and the chlo- 
Fig. 23 Tonic bond rine atoms we get sodium chloride 


| ЫЙ, as shown in Fig. 2.3, 
n covalent bonding the electrons in the half filled 
н t outermost shells of a 
ко Shared with the electrons in the half filled outermost shells of other Е. 
tt UN кю. like carbon, Silicon, germanium and gray tin have four 
ons eir outermost shells, Tho outermost 

А t shell should have eight lec- 

trons for an atom to be stable. An atom of these elements shares one ырма 
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each from the outermost shells of the nearby four atoms as shown in Fig. 2.4. 
Thus a stable structure with 8 electrons results. 


9 
Xd 
{р 


у N outer most e. 


Fig. 2.4 Sharing of electrons in the covalent bonds, 
Example shown is for ‘Silicon 


Most of the metals have a cohesive crystalline structure because of the meta- 
llic bonding. The atoms of the metals come very close and as a result they dis- . 
turb each other's outermost energy levels. Each atom of the metal contributes 
one or two free valence electrons. These electrons are free and mobile in the sense 
that they are not bound to the atoms and are free to move throughout the volume 
of the metal. The other electrons of the atom-are not free to- move through the 
metal. There are about 10?? electrons per cubic metre. A metal is electrically 
neutral because the negative charge on the freeelectrons is exactly balanced by the 
net positive charge of the ionised atoms. The atoms remain fixed in position as 
positive ions, and the electrical conduction in metals is solely due to the free 
electrons. 


In all the types of bonding discussed above, the atoms come very close i.e., 
a few Angstroms and the distance is such that they have minimum energy while 
forming the crystalline solid. The atoms in a crystal are arranged in a well defined 
array called the crystal lattice. Crystals have well-defined geometrical shapes 
in their natural state which are known as growtb planes. Cleavage planes exist 
in them along which they tend to split.. Some of the important crystal structures 
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are simple cubic, face-centred cubic, body centred cubic, diamond or tetrahedral 
and zinc blende. | 

The whole crystalline solid can be developed by translation of a unit cell 
along the crystallographic axes: The unit cell is the smallest element of the lattice. 
The crystallographic axes are spatial directions defined by the edges of the unit cell. 
The length of the unit cell along one of the axes is known as the lattice spacing. 
Thus, the crystals are specified in terms of their unit cell and the axes. 


2,3 .Band structure and electric conduction in solids 


BAND SrRUOTURE 

With the simple understanding of the electronic structure and bonding of 
atoms in a solid we can now explain their electronic structure. The electronic 
structure of molecules and solids is more complex than that of the atoms. How- 
ever an explanation of their structure in a direct and simplified fashion with a 
view to understand their electrical properties is given below. ‘The rigour of quan- 
tum mechanics, and exactness of solutions have been avoided. 


Imagine two atoms which are isolated and quite apart from each other so 
that their energy levels and the electrons are independent. Now, if the atoms are 
drawn close together, their electrons start getting influenced by the presence of the 
electrons and the neucli of the other atom. As the atoms come closer the electrons 
change their states. Pauli’s exclu- 
sion principle applies to the mole- 
cule asa whole and the two elect- 
fons. can not occupy the same 
energy level. To accommodate the 
electrons of both the atoms there- 
fore the individual energy. levels 
split into two closely spaced states. 
Such a. picture can be extended to 
the case of a molecule of N atoms 


Energy — 


Interatomic Seperation —ce- ‘where each state would split into JV 
Fig. 2.5 Splitting of energy levels.as interatomic States as shown in Fig.2.5 The 
separation is decreased | energy of each of these split states 


1 is nearly the same. 

Similar situation exists in erystalline solids which may be considered as a large 
molecule of ordered atoms. In a practical situation a solid will have a large num- 
ber of atoms, even in a very small volume, and hence an equally large number of 
states of approximately the same energy. The states can hardly be differentiated 
and the energy levels merge into an energy band, as shown in Fig. 2.6. More 
than one energy level may split into bands. In vario 
bands may remain seperate or overlap. For example, 
overlap ín the case ot sodium as shown in Fig. 


us solids these energy 
several of these bands 
2.6(a). In the case of solids 
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where the bands'do not overlap, the spaces between the bands are known as the 
forbidden energy gaps. There are no electrons in the solid having these energy . 
levels. In solids also, the lower-most energy band is filled with electrons first 
and the band with higher energy is filled subsequently and so on. The energy 
level of the highest filled band is called the Fermi level, Æp. Usually all the states 
below E, are filled and those above Ep are all empty. This is particularly true 
at O°K, However, at other temperatures some electrons below Ej acquire 
sufficient thermal energy and cross the Æp level. Thus it may happen that a few 
states below Æp are empty and correspordingly some states above Ep get filled. 
We have shown that in solids there are energy bands which may or may not 
overlap. In case the energy bands do not overlap they are separated by what is 
known as the band gaps as shown in Fig. 2.6(Ь). The energy band in which the 


Overlapping of 
bands 


Energy —> 


Lattice spacing — 
(a) Overlapping of bands 


Condyction 
band 


—=— Bandgap 


Valence ` 
band 


Energy —— 


(b) Bandgap 
Fig. 2.6 Energy bands in solids 
valence electrons reside are known as the valence band and may be completely or 


partially filled. There is an energy gap immediately above the valence band. The 
first allowed energy band above this forbidden band is known as the conduction 
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band. Normally all the allowed energy levels in the bands below the valence band 
are completely filled, the valence band is partially or completely filled and the con- 
duction band is completely empty. - Electrons from the valence band ne 
the band gap and go into the conduction band if they receive sufficient: energy 
through external excitation, Electrical conduction takes place in a solid if there 
are electrons in the conduction band, It is important to realise that the valence, 
the forbidden and the conduction bands mainly determine the electrical proper- 
ties of solids. The inner bands below the valence bands do not take part or 
affect, the electrical conduction in solids, 4 


ELECTRICAL Conpvction 


Naturally the most important electrical property of a solid is its ability to 
conduct electricity. This ability depends basically on the Structure of solids as 
discussed above. Heuristically, we know that some solids are better conductors 
of electricity than others, Electrical conduction is affected by the purity and the 
temperatures of the solid, 

It is the movement of electrons that. produces current flow in the solids. 
Larger conductivity in a solid means that a larger current would flow through it 
under a given external field, The amount of current which can flow or, in other 
words, the conductivity is determined by the density of the electrons and their 


to electrical conduction. Even in the higher energy bands electron movement is 
not allowed if all the states are filled. In a completely filled state there is no place 
for the electrons to go. Obviously if a band is partially filled, an electron, if exci- 


Usually, the solids have conductivity varying over a very wide range of values 
and are, for convenience, classified into three groups viz, insulators, conductors 


free electrons are available for conduction, Sodium chloride is one such insula- 
tor. Sodium has 4 electron in the 3s state and chlorine has 5 electrons (one short 


of completely filled state) in the 3p state, They form an ionic bond between them 


and have all the States completely filled, - The forbidden energy gap is of the order 
of 10 ev and is quite large for an electron to overcome, The insulators 
tivity ranging from 10% ohm-m to 1018 obm-m, 

: The energy bands in conductors overlap resulti 


ngin almost continuous ene; 
States. The electrons thus have a great amount. of caf 


freedom to move. Further, 


ee СМЕ DERE ЛА 
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their valence bands are not completely filled—in fact they are only half-filled, 
and therefore there are enough electrons to move. We can see, for example, the 
energy band structure of copper which is a very good conductor of electricity. 
Copper has 1 electron in the 4s state and, thus, it is half filled. Also, the 3d and 
4s energy bands of the solid copper overlap giving rise to an abundance of avail- 
able energy states. ^ The resistivity of condctors range from 10-1? ohm-m to 10-4 
ohm-m, 


We now consider the third group of solids viz, the semiconductors. As 
the name suggests they fall in between the insulators and the conductor in terms of 
the resistivity. Basically they are like insulators at absolute zero temperature 
when their valence energy states are completely filled and the conduction band 
is empty. They differ from the insulators, however, in one major way and. that is 
the size of their energy bandgap. The bandgap in semiconductors is only of the 
order of 1 eV. This narrow energy band gap can be crossed by electrons easily 
when they acquire thermal energy at room temperatures, Two interesting things 
happen. Firstly, when the electrons thus excited transfer from the valence to the 
conduction band a vacancy known as ‘hole’ is created in the valence band and an 
electron is available in the conduction band which was otherwise completely empty. 
Secondly the vacancy or the hole in the valence band can be filled by another elec- 
tron within the valence band but this only: results in another hole somewhere else, 
Thus, in the process of filling the holes the electrons in the valence fnad move and 
in turn create new holes. The excited electron which was transferred to the con- 
duction band has many available energy states to move. The material thus is con- 
ducting ‘at room temperature though it did not conduct at the absolute zero tem- 
perature. The most striking feature of the conduction in the semiconductors 
is that the conduction is due to electrons as well as holes together. 


We should remember that the thermal energy releases an electron-hole pair 
and that the number of electrons and holes are equal. The concept of hole as 
a mobile carrier of positive charge is an artifice that allows us to describe the com- 
plex motion of the bound electrons in a simple fashion. 


Silicon and germanium are two very good examples of semiconductors, 
The electron occupancy of silicon is (15)°, (2S)*, (2P)5, (35), (ЗР)? and for germa- 
nium it is (15)*, (2)*, (2P)*, (35)*, (3P)*, (Зау!о, (45y*. (&4P)*. We observe that іп 
both silicon and germanium the valence state has four electrons only and four 
more electrons are required for a stable configuration. They share four electrons 
from the four neighbouring atoms to form a covalent band as discussed earlier. 
They thus get a stable structure in the solid form. At absolute zero temperature 
germanium and silicon behave like insulators, Their energy band gap is how- 
ever quite small, e.g. 1.1,eV for silicon and 0.79 eV for germanium. At room 
temperature both of them become conductors with resistivities of 0.6 ohm-m for 
germanium and 3000 ohm-m for silicon. ^ These two materials form the base of 
most of the semiconductor devices. 


16 BASIC ELECTRONICS 


Another semiconductor material. of great importance today is Gallium $ 


Arsenide. Gallium is an element in the 3rd group ‘of the- periodic table and has 
1 electron in the 4P state. Arsenic is an element of the fifth group and has 3 elec- 
trons in the 4P state. In the gallium-arsenic crystalline solid, the 4P states of 
both are shared to form a covalent bond. The silicon and germanium crystals 
have a diamond lattice Structure where all the atoms are of the same kind, that is 
either silicon or germanium, The gallium arsenide crystals have a zincblende 
lattice where one of the sublattices is gallium and the other is arsenic, The band 
gap in gallium-arsenide at тоот temperature is 1.43 eV which is larger than those 
of both germanium and Silicon, i M 


2.4 Intrinsic and extrinsic semiconductors 


sic semiconductor, are equal and depend on the temperature 7' and the energy gap 
Eg. The parameters np, T and E, are related. as follows 


n= р 
par? EMT (2.4.1) 
where K is the Boltzmann's constant. 
The intrinsic carrier density n, is defined as 
м = apo (2.4.2) 
Since n = p in intrinsic semiconductors 
m=n=p 


The values of n, for germanium and silicon at 300°K are 2.4 X 10" and, 1.5 x 10% 

per m? respectively, We note that л, is smaller for silicon because the E, is larger, 
An electric current will flow „if an electric i 

crystal. The current density J is given by 


tron, its hypothetical 
0 that of an electron but with a Positive sign. 


ELECTRONIC DEVICES : PHYSICAL PROPERTIES 17 


We can now find the conductivity v of the semiconductor as ^ 


J "gU, , 90р 
Eius omm t rg T 2.4.4 
gcn do) 


The velocity of the charge carrier in an electric field will depend on the mobility 
Hof the charge carrier and is given: v ЖШ, j 

= RE РРА КИНО ОИ OT 
From Eq. (2.44) and (24.5), | ah 
vs NZ {hn + 09 Mg M | са: it ( 2; 4,65) 
and for intrinsic semiconductor MR. Eg fri 


o=n; q(un ES tty) 

So far we have assumed that the crystals are pure. In practice they may 
have many defects and impurities. Defects arising from the absence of an atom 
in the crystal lattice produce distortion in the band structure of the crystal and 
consequently affect its electrical characteristics Another very important defect 
in crystals is the presence of impurities: The impurities are the presence of atoms 
of.a different material in the lattice structure, These foreign. impurity atoms have 
different properties different. from the parent crystal atoms. The foreign: atoms 
may either replace thecrysial atoms in the lattice or may lie in theintérstitial space 
of the lattice. These impurity atoms once again affect the electrical behaviour 
of the crystal. Fortunately, we take advantage of these impurities in a controlled 
fashion in making semiconductor devices. 


To understand the effect of these impurities better let us assume that an atom 
of say Arsenic from the fifth group of the periodic table replaces an atom of ger- 
manium in the germanium semiconductor crystal. In the pure form, the atoms 
of germanium are bound together by the covalent bonds and each atom shares the 
electrons of the 4 neighbouring atoms. Arsenic has however 5 electrons in the 
outermost shell. Four of these electrons aré shared with the four neighbouring 
germanium atoms in the usual manner and the: fifth electron is loosely bound to 
the atom. The binding energy of this electron is quite small. The normal 
States of the fifth group of elements like arsenic are near the conduction band. 
Energies much smaller than the bandgap of the semiconductor excite the electrons 
of these elements to go to the conduction band. Extra electrons are thus available 
for conduction. Since these elements contribute an extra electron they are known 
as ‘donor’ elements or donor impurities... We observe that the donor atom itself 
is positively ionised when its electron is excited to the conduction band and moves 
away. The important thing to observe is that no hole is created in the donor 
by this process—in direct contrast with the intrinsic semiconductor where an elec- 
tron-hole pair is always generated. The conductivity of the crystal having donor 
impurities has some interesting features; The semiconductor has now many more 
electrons than holes asi charge carriers, ‘These semiconduetors are known as 
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extrinsic Semiconductors and are termed n-type because of the excess of negative 
charge carriers, 

Next an atom from the third group of the periodic table, say Boron, may be 
substituted into the germanium crystal lattice. Boron atom has three electrons 
only in its outermost shell and these three electrons are shared with the three neigh- 
bouring germanium atoms as usual. There appears a ‘hole’ in the covalent bond 
with the fourth germanium atom. Ап electron from a neighbouring germanium 


пё = np (2.4.2) 
where n and p are electron ani hole densities respectively, always hold true. For 
an n-type doped semicond uctor the electron density ig 


п = № +n, 


where JV, is the donor density and n, is the thermally generated electron density, 
Tf the thermally generated hole density is р, then 


^i = (Np + т) p, (2.4.7) 
= р.р, ; since ү, > n, 


Thus 
aS лі 
t N, (2.4.8а) 
Similarly for the p-type Semiconductor, 
let 
t У; (2.4.8b) 


wher X, is the acceptor density, The cond Uctivity in the extrinsic Semiconduc- 
tors is mainly due to the impurity atoms, 


0,77 ng. y, H PQ. [by 


= Wp n) gu, + Ped. п, 


Ny q My i since ү S 7 = p, (2.4.9) 
Similarly | 
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are the minority carriers and the electrons are the majority carriers. We sev that 
by adding large amount of impurities, the majority carriers increase and simul- 
taneously the minority carriers are reduced. The discussion above applies equally 
well when we take S, or GaAs instead of Ge as the Semiconductor material. The 
concentration of impurity atoms in a doped silicon semiconductor „is. about 
2 x 10/m?, whereas the number of atoms is of the order of 102%/m3, Thus there 
is one impurity atom for every 10 billion atoms of silicon. Although this concen-. 
tration appears to be relatively small we should note that there are twenty thousand 
billion charge carriers in 4 cc of the doped silicon available for conduction. It 
indoed is remarkable that such small concentratins of impurity modify the proper- 
ties of the semiconductors to make them useful for a wide range of electronic 
devices. \ 

A process which we have not mentioned so far is the process of recombina- 
tion going in the semiconductor material all the time. The thermally generated 
holes and electrons move in a random manner through the crystal as a result of col- 
lison with other particles. It is possible that in their random wandering a free 
electron and a hole may come close together. The electron and the hole may can-. . 
cel each other by a recombination process where the electron jumps into the empty 
covalent bond represented by the hole. The probability of recombination is 
very high in the regions of imperfections such as dislocations in the lattice and 
impurities. 

Example 2.4.1 к 

А silicon material is uniformly doped with phosphorous atoms at a concen- 
tration of 2 x 101*/m*. At the temperature of interest the mobilities of holes and 
electrons are 

Hp = .05 m*/volt-sec. 
= 0.12 m*?/volt-sec. 
and m= 1.5 х 10!6/m* 
Find the electron and hole concentrations and the electrical conductivity. 


Now g = 1.602 x 10719 coulombs: 
The concentration of holes using Eq. (2.4.88), is given as 

а. n; (1.5 x 1015? 

M Apc ge d 

= 1.125 х 10% per m? 

The concentration of electrons is 
n = Np = 2 X 10” per mê. 

The conductivity 7, is obtained as, using Eq. 2.4.9, 


Tp = 1.002 x 1071? x 2x10! x 0,12 
= 3.84 mhos per meter, ї 


T 
E 
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2.5 Electronic Devices 

As we have said earlier, the basic property of the electronic or electrical 
devices is the flow of electrons through them. In solid state devices the flow of ele- 
ctrons is through the solid crystal, in vacuum devices it is through the vacuum 
and in gaseous devices it is through the intervening gas between two electrodes. 
Let us discuss these devices in greater detail, beginning with the solid state devices. 


р-п JUNCTION і 

We have seen that.a p-type semiconductor material consists of acceptor 
impurities and has excess of holes over electrons in it. The n-type semiconductor 
has donor impurities and the electrons concentraton is higher than that of the 
holes in it. Now suppose that these 


heréisthat the junction is an abrupt one, 
ge abruptly from one side of the junction 
| , therefore, there is a Concentration gradient 
of holes from p to n side and of electrons from n to p side. The holes from the 
P region will diffuse into the n region and similarly the electrons from the n region 
will diffuse into the р region. Then region which was electrically neutral earlier 
will become positively charged because of the presence of the extra holes which 
have diffused into it, The ‘p-region wil] similarly become negatively charged 


Let us now look at the diffusion Process and the creation of the potential 
barrier in more detail. Consider the situati 1 


holes move from the P region into the n reo; 
talked about earlier. The idea of the 
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the hole moves out the * vacancy"! is created ina non-impurity atom. Thus vacancy 
moving into the n-region has, therefore, created a situation where one of the donor 
impurity atoms becomes positively. charged. . Since this impurity atom has all 
its:four covalent bonds filled, it is stable though positively charged. It is also 
known as the bound positive charge: because it does not take рагі їп any exchange 
of charge carriers any further. i 

In a very similar fashion the electron from the n-region diffuse into the 
p-region. Once an electron moves into the free vacant position available in the 
acceptor impurity atom, it gets bound to it. All the four covalent bonds are thus 
filled up and the atom is negatively charged. This will give rise to a bound negative . 
charge. Since the concentration of holes in the p-region and electrons in the 
п-теріоп is quite high the migrated charge carriers do not penetrate much and 
therefore the bound charges exist very near the junction plane only. We can thus 
visualise layers of positive and negative charges as shown in Fig. 2.8(a). This 
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Fig. 2.8 Charges іп p-n junction 
Charge density 
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Fig. 2.9 Charge density across the junction 


layer is appropriately called the space charge layer because of bound charges. 
Since the region of the space charge does not, have free charge carriers present in 
it, it is also known as the depletion region. The distribution of the charge carriers 
is shown in Fig. 2.8(b)... The ordinate is the carrier concentration on a logarithmic 
scale. The charge density on both sides of the junction is shown in Fig. 2.9. 
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i i ill inhibit further 
It is clear that the positively charged layer in the п region will inhibi 


i ill inhibit 
movement of holes into*it. Similarly the negatively ics jah 2c mm 
further movement. of electrons into the p region. Thus we 


imi rriers. 
` barrier is created across the junction which limits the movement of charge ca 


; 1 iri 
In other words since the two layers of charges are of се" cric 
field exists across the junction, Associated with this Praes E AA 
tial difference, The variation of the potential is shown in ig. 2.10. 


field opposes the diffusion of the holes and the electrons across the junction. 


+\г 


р 
" region 
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Fig. 210 Potential distribution 


across the junction and is called drift Current. Since there cannot be a current in 
eld, the postulate of the drift current seems to be falla- 
It indeed is so because there 
oxplained below, 

It has been shown that the potential barrier opposes the movement of the 
Majority charge ‘Carriers across it, However, due to thermal excitation some of 


PR ck} 
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the majority carriers acquire enough energy to cross the barrier and move into the 
other region. The movement of such carriers across the junction constitutes the 
diffusion current. Both the diffusion and drift currents are functions of tempera: 
ture. The diffusion current is equal and opposite to the drift current in equilibrium 
and therefore there is no.net flow of charge carriers across the junction. If the 
drift current increases due to some reasons the diffusion current: also goes tip. 


EXTERNAL Bras 

We have described so far a device which has a junetion and two leads con- 
nected to the opposite faces of the crystal without any external voltage applied to 
it. There are drift and diffusion currents across the junction in the device which 
balance each other. Now we consider the device with an externl voltage applied 


to its terminals as shown in Fig. 2.11. 


It is simple to understand that the positive potential on the n-side of the 
device attracts the free electrons towards that end. Similarly the negative poten- 
tial on the p side attracts the holes in the p material towards that end. This widens 
the depletion region and increases the potential barrier. As a result the diffu- 
sion current becomes smaller since fewer Charge carriers are able to surmount it. 
The drift current is the same as before and therefore a net current does flow in the 
circuit though it is very small. Even though the individual p and n materials 
have good conductivity and an external voltage has been applied, practically no 
current flows in the external circuit, Connecting an external voltage across the 
device is known as biasing the device and the kind of biasing shown in Fig. 2.11 
is known as the reverse biasing. 


e e sr 
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Fig. 2.11 Reverse bias of a diode Fig. 2.12 Forward bias of a diode 


We now change the battery terminals to that shown in Fig. 2.12. The 
positive potential on the р side overcomes the potential barrier and pushés the 
holes of the p-region to the n-region where they may recombine with the excess 
electrons, Similarly the negative potential at the n side pushes electrons of the 
n-region to the p-region where again they may recombine with the holes. The 
potential barrier becomes much lower and the diffusion current increases over 
the drift current considerably. s 


The movement of Charge-carriers, both electrons and holes, across the junc- 


tion under the influence of this applied electric field increases much more. An 
ammeter connected in the external circuit will record the current flow. Since the 


' 


24 j BASIO, BLECTRONICS | 


electrons and the holes have opposite charges the actual current is therefore only 
in one direction. The direction of conventional current flow is assumed to be the 
opposite of the direction of electron flow. This kind of external voltage is 
known as the forward bias. ‘The ‘amount of current in the forward biased 
device is much larger than that in the reverse biased device. 

We know that the current through a resistance flows in both the directions 

j but here we have made a device where the current flow 

iig is only in one direction ie., it is unidirectional. Such 

тене a characteristic finds many applications which will be 

Fig. 213 Diode . discussed in later chapters. „The device is known as ‘diode’ 
1 and is shown symbolically in Fig. 2.13. 

Thé detailed characteristics of the diode and its fabrication are discussed in 
subsequent chapters, Other solid state electronic devices consisting of more than 
one pn junction which have important applications are discussed in the next chapter. 
Vacuum AND Gas Dipzs | ЖМ nf 

' Let us now consider a vacuum device.with similar characteristics, that is con- 
duction in only опе direction. Here we have a cathode and. an. anode shown 
symbolically іп Fig. 2.14. We have shown that when energy is Supplied. to a 
material the electrons in the outer most Shells get excited to the higher states. If 
the supplied energy is sufficient then the electrons leave the material and are 


electrons are emitted, The cathode may be heated directly or it may be heated 
indirectly by passing a current through a filament as Shown in Fig. 2.14. The 


-—— i 
Vacuum 
+ 
+ 
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Fig. 2.14 Vacuum diode 
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the current flow because the electrons are repelléd back towards the cathode. 
This is exactly what happened in the semiconductor diode. ‘The vacuum devices 
are bigger in size, require large biasing voltage to operate, need external heating 
power for generation of electrons and require a vacuum. These reasons have 
made them less useful as compared to their solid-state counterpart. | 


In gaseous devices, the vacuum is replaced by an inert gas at low pressure. 
The gas has to be inert in order that it does not corrode the. anode and the cathode 
materials. It has to be at low pressure so that the electron emission from the 
cathode is not obstructéd. Application of positive potential at the anode acce- 
lerates the electrons which may collide with the gas molecules and ionise them 
resulting in positive and negative ions. These positive and negative ions, in the 
presence of the field, start moving towards the cathode and the anode respec- 
tively.. Thus a heavy conduction takes place. One of the very important charac- 
teristics of this device is that the potential drop across the anode and the cathode 
remains constant even when the current through it is changing.. This property 
along with other properties make the gaseous devices very useful particularly in 
Industrial/Power electronics. Of course the solid state counterpart for gaseous 
devices are now available and are finding wide applications. 


Review questions 


2.1. Describe the electronic structure of a helium atom. à 

2.2. Explain how transition of electrons take place from one level to another in 
an atom. 2 D 

2.3. Explain what you understand by the crystalline structure of a solid. 

2.4 What is an ionic bond? Explain with an example. — = ji 

2.5 Explain the type of bond existing in semiconductors. 

2.6 Describe the crystalline structure of metals. 9 walas 

2.7 Explain how the energy bands are formed in solids. What is a forbidden 
band ? 

2,8 Discuss under what conditions does a material become (i) insulator (ii) semi- 
conductor and (iii) conductor. M T 

2.9 Discuss the effect of temperature on the conductivity of a semiconductor. 

210 What do you understand by the intrinsic and extrinsic semiconductors ? 
Explain with examples of Donors and Acceptors. , 

241 What is a ‘hole’? How does it contribute to flow of current in a semi- 
conductor ? ` 

2.12 What is Fermi level? Describe the energy levels of p-type and n-type 
semiconductors. 

243 Explain how a potential barrier is formed in a pn junction. Describe the 
potential distribution across the junction. i 

244 Describe the distribution of charge carriers throughout a pn device. 

2.15 Explain the current flow nechanism in a pn junction diode at room tem- 
perature when it is 
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(i) unbiased (no external voltage applied) 
(ii) forward biased 
(101) reverse biased : 
246 Explain how electrons are emitted from a cathode. 
247 Explain the current-flow in a vacuum diode. 


248 Describe the current-flow mechanism in a gas diode. How does it differ 
^. from a vacuum diode ; 


Problems E 


P2.1 Express 10 electron-volts in joules. 


P 2.2..A material is radiating infrared rays at a wavelength of A — 900 nano- 
meters. Calculate the difference of energy in eV between the two states 

of an atom which would give rise to this radiation. - 

P2.3 Calculate the conduetivity of an intrinsic silicon semiconductor material 
having 4 : 
n, = 10% per m? at 300°K 
Hp = 0.05 m?/volt-sec. 
By = 0.12 m?/volt-sec, 


What will be the value of resistance of a pellet of silicon 4 cm long and 1 
mm in radius. 


tration of 102 per ш, calculate the resistance of the pellet. Compare with 
the resistance of the intrinsic pellet, 

P26 In a thick-film circuit a résistance is formed by doped silicon. If the size 
of the resistor is to be 15 mm X 0.01 mm? and its value is 100 KQ, calculate 
the doping Concentration. Other parameters are the same as given in 


“ 


Electrical Characteristics of Electronic Devices 


3.0 Introduction 

The physical principles underlying the electronic devices have been explained 
in the previous chapter. We shall discuss the principles of operation of different 
electronic devices here. The operation of the different kinds of diodes such as 
the junction diode, the zener diode, the varacter diode, the tunnel diode, the light 
emitting diode and. the photodiode are described. We shall follow it with а 
description of the operations of the different kinds of transistors such as 
the bipolar, the field effect and the unipolar transistors, the thyristors and the 
vacuum tubes. In order to understand the use of these devices in circuits, their 
terminal characteristics are also described. 


3.1. Semiconductor diodes 

Diodes are two terminal unilateral devices and conduct current only from 
anode to cathode... They may be used for (i) rectification of'a.c. (ii) switching 
(iii) modulation, demodulation and frequency changing (iv) generation and 
amplification of signals (v) generation and detection of light (vi) wave shaping 
such as clipping, clamping etc. (vii providing reference voltages, and so on 
depending upon their structure and doping level. Most of the semiconductor 
diodes are junction diodes formed by growing a metallurgical junction detween 
p-type and n-type semiconductors. The current flow mechanism in these diodes 
has been explained in chapter 2. The terminal characteristics of a semiconductor 
junction diode can be experimentally determined by connecting the diode in the 
circuit shown in Fig. 3.1. The current is measured by applying different voltages 
from a variable voltage supply V. For each current value the voltage drop v across 
the diode is measured. A v-i characteristic as shown in Fig. 3.2 is obtained. 
Let us observe the special features of this characteristic and try to explain them. - 
We see that the current is very small, in fact practically zero, when the voltage is 
small, say less than 0.5 volt. Above about 0.5 volt, the current starts increasing 
exponentially first and then almost linearly later, We also observe that there is 
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practically no current for the negative voltages i.e., when the B te 
applied voltage is reversed. It has been explained in the ines : ia p 
a depletion region is formed near the pn junction by the diffusion of holes К $ 

p to the n-region and of electrons from the n to the p-region. With the application 


(For current 
limiting ) 


34 Circuit for the v.i characteristic of the diode 


Anode current in mA—-- 
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н 32 Y-i Characteristic of the diode 


| potential barrier of 0.3 f 3 
for Si at 300*K. - When the applied potentia] i соот 
Ya the “current flow is very small. Once the 


2M ‘ v 
"m b exp ( iti) ~ 1 (3.1.1) 
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where I, is the reverse saturation current (explained later) 
k = Bolzman constant —1.38 x10^??/Joule/^K 
or k=8.62 x105 вук 


"3 
I 


Temperature 
9 = charge of an electron = 1.602 x 10-19 Coulomb. 


At 290°K the term e is calculated to be 
0 


kT _ 1.38 x 10-* x 290 


q 1.602 x 10719 
Therefore at 290*K, 


— 0.0250 Volt 


БН 
мна, 

= f, ( ev —1) 0 (8-1.1. (a) 
This relation shows that i is strongly dependent on v.: When v is small, i is small 
but if v is large then iis very large. However, we see in Fig. 3.2 that experimentally 
the current does not increase exponentially for large voltages. In fact the relation- 
ship is linear for larger voltages. The reason for this is that the equation (3.1.1) 
holds true for small and moderate voltages only. : At large voltages the resistance 
of the neutral semiconductor material and. the metal—semiconductor terminal 
contact comes into picture. Thus the current can increase only linearly with the 
applied voltage. The effect of the ohmic resistance is neglected when the current 
is small. 

We have considered only the majority carriers in the p and n type 
semiconductors and the current flow through the diode has been discussed in terms 
of the movement of the majority carriers. This is true when the diode is forward 
biased. We next consider the case of the reverse biased diode. Ideally there 
would be no current flow under the reverse biased condition because the holes 
of the p-region would be attracted towards the negative end of the applied potential 
and the electrons in the n-region would be attracted towards the positive end. 
Thus the width of the depletion layer will increase and the potential barrier would 
be larger. However, in addition to the majority carriers, minority carriers will 
also be present in both the p and the n type semiconductors. The minority carriers 
under the reverse biased condition would move across the junction and give rise · 
to a current, though very sniall.: Let us, as an example, calculate the concentra- 
tion of the minority carriers. We shall assume that the intrinsic carrier concen- 
tration in Ge at 300°K is 

R= 10. mà 
If the impurity concentration in the p and т regions are 
Na = 104 /m3 
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and Np = 10? /m* 
then the number of holes in tlie p-region are 


р = 10% /m?. 
and the number of eleétrons in the n-region are 
n = 10? /m? 
Therefore p, the density of the holes in the n region is 
c CEN MR a 
Pn LN ios Im 
Similarly n, the density of the electrons in the p-region will be 
1095 
пр = 7409 = 104 /m* 


Thus, in the p region there are 104 /m3 majority carriers and only 10! /m? minorit y 
carriers, that is, for 101 majority carriers there is only one minority carrier, The 
situation on the n-side is similar where there are 106 majority carriers for every 
minority carrier: The reverse current caused by the minority carriers would thus 
be quite small. The electrons on the P side are pushed by the negative potential 


diode ? From Fig. 3.3 and also eqn. 3.1.1 it appears that the current will reach 
a limiting value of Т, when the Voltage is increased. But it is observed practically 
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The second mechanism of breakdown, that is the avalanche breakdown, 
usually takes place in junctions having wide depletion regions. When the reverse 
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3.3 Diode characteristics under forward and reverse bias 


voltage is increased the electrons from the p region are accelerated and. gain enough 
energy to ionize the lattice. An electron with large energy knocks out.a bound 
electron and raises it to the conduction band. It creates a hole in the 
valence band, and thereby an electron-hole pair is generated. The electron-hole 
pair in the transition region causes other pairs to be generated because it would 
knock out other bound electrons in turn. Thus the process multiplies such 
electron-hole pairs. The holes are accelerated in the opposite direction and they 
also generate electron-hole pairs. Since the creation of the electron-hole pair is 
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ic ing i m of the 
multiplicative, the current in¢reases rapidly resulting in the breakdow: 
device. The mechanism is known as avalanche breakdown. 


Breakdown in its usual form is undesirable and sets a limit on Ec 
which can be applied for the proper operation of a device. oe оа m 4 
discussed later, utilize the mechanism of hreakdown and have very useful ap} 
cations. 


3.1.4 RECTIFIER DiopEs 


The most common (уре of junction diode is the rectifier diode. | Its p 
is to convert a.c into d.c.. In order to do this, we connect a sinusoidal vo E 
source, a diode and a resistance in series as shown in Fig. 3.4(а). The sinusoida 
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a) Rectifier Circuit 


b) Waveforms 
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we get a i in the circuit for the positive half of a cycle. 
the anode becomes positive and the current. i flows as 


ysed by the Fourier series, If 


: à “maximum voltage is V,, then 
the Fourier series analysis shows that 


rg аш шы ui 4 Cos Bot È соз 462 + ш) i (342) 
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We get a zero frequency or a d.c. component in the output v, having an amplitude 


V, 
of = and other high frequency components. By removing or filtering out the 


other frequency components from v; we can get a d.c. voltage alone. . 


We can now make certain observations on the requirements of the diode. 
The diode should be able to handle large amounts of forward current (ex V,,/R). 
When it is not conducting a reverse voltage equal to Vm is applied across the diode. 
It should be able to withstand the reverse voltage V,, without any breakdown. 
The maximum voltage which the diode can withstand is known as the peak 
inverse voltage (PIV) of the diode. From Fig. 3.2 we have seen that the diode 
practically conducts beyond a threshold voltage V4 which may be 0.3 or 0.7 volts. 
The applied voltage V,, must be larger than this voltage Va for conduction. There 
is no current flow when V, «Va. Thus the conduction is for less than a half cycle. 
Even if we approximate the forward v-i characteristic of the diode by a straight 
line wefind thatithasa positive slope. - This means that the diode offers a resistance 
to the forward current-and that there would be a voltage drop across the diode. 
The output voltage would thus be reduced by this amount including V4. A 
limearised practical diode characteristic is shown in Fig. 3.5(a). Fig. 3.5(b) shows 
an ideal diode characteristic which takes the diode resistance as well as the 
threshold voltage to be zero. A rectifier diode should preferably be closer to the 
ideal characteristic of Fig. 3.5(b). 


Current 


a) Linearised b) Ideal 


3.5 Characteristics of a diode 


Under the forward biased condition when the diode conducts the resistance 
offered by it is called the forward resistance r, ofthe diode. Similarly, when the 
diode is reverse biased the resistance offered by it is called the reverse resistance 
r, of the diode. Typically r, may be 50 to 100 ohms and r, may be 50K to 100K 
ohms. | l 

5(45-73/1983) 
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Example 3.1 Battery Charges 

- Unidirectional current is required for charging a battery. A diode is used 
to convert the alternating current into a unidirectional current as explained. A 
42V battery is charged using a rectifier diode and an a.c. supply by acircuit arrange- 
ment shown in Fig. E3.1.1(a). The resistance r, is the source resistance associated 
with the a.c. supply and may be neglected as it is very small in practical circuits. 
Whenever Y,,, sin (wt) is more than 12 volts the diode conducts and a current i 
flows in the circuit as shown in Fig. E3.1.1(b). The variable resistance R can 
be adjusted to give the desired value of the charging current. The instantaneous 

charging current i is given by 
Hun Vp sin ot —12—Va 

"n ER, 

i= 0 for vg & 12V 


for vg > 12V 


(b) ‘Waveforms 


Е 3.1.1 Battery charging 


„where Va is the voltage drop across the diode and can b i 

ird д à le ani e neglected with respe 
to Vs, Since it is of the order of 0.3v. The average value of the charging С. 
is much less than the peak value. The peak value /,, is the maximum of i and is 


| Va, —1 
; E E "R = 
The average current can be com i lar ad 
vs inputed using Fourier series. 
charging current of a 12V battery is about 4A with v. Voie n d. m 
i ky М И т * 
Example 3.2. Peak rectifier wild din 
ep “ үн ee using a diode is shown in Fig. E 3.1.2. Peak rectifiers are 
; to obtain a d.c. voltage equal to the peak value of the input 
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voltage. Let us assume that the capacitor C is uncharged and’ the supply voltage 
vs = V, sin otis applied att = 0. As'the voltage Ug increases the diode conducts. 
in the forward direction and C is charged. If the source resistance is very small 
then drop across it is negligible and the voltage v, across C is almost equal to v, 
at every instant till v; reaches the peak value V,,. Thus the capacitor is charged 
to V,. Now as the voltage v; decreases the diode Stops conducting because the 
cathode is at a potential У, which is higher than the anode potential vs. Since 
the capacitor C does not have a path to discharge, the charge accumulated in it is 
trapped. It is to be noted that the diode also does not conduct for the negative 
half cycle. The voltage across the capacitor is thus maintained at y. and the 
voltage v; is as shown in Fig. 3.1.2(b) (full line). — 


(b) Waveforms 


E 3.1.2 Peak rectifier 8 


Now if a resistance R, is connected as a load across C, as shown in Fig. 
E. 3.1.2(а), then the capacitor has a path to discharge. The voltage waveform is 
as shown dotted in Fig. E 3.12(b). The capacitor discharges during the period 
when the input voltage at the anode is less than the capacitor voltage appearing. 
at the cathode of the diode. The diode starts conducting the moment the input 
voltage exceeds the capacitor voltage. The capacitor charges during this period 
and a pulsating diode current flows. As R, is made smaller C discharges by 
а greater amount in every cycle and the ripple becomes larger in magnitude. By 
a proper selection of C and R, a d.c. voltage which is almost equal to У, can be 
obtained across Rz. This is in contrast with the rectifier circuit of Fig. 3.4 where 


a d.c. voltage of Za only is obtained. 


Example 3.3 Clamper i йн THE 
When the diode and the capacitor in Fig. E 3.1.2 'are interchanged, we obtain 
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i didt nih tas ig. E 3.1.3(a)..As explained earlier 
called. a clamper circuit shown in Fig. E : xi 
H^ ien will be charged when the diode is conducting during the positive 


"s A hs y^ Qutput 
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(a) Circuit 


(b) Waveforms 


E.31.3 Diode clamper circuit 


half cycle. Assuming the source resistance r, to be very small, the capacitor will 
charge to a voltage Vo ay V,, (assuming Vg = 0) with the polarity as indicated 
‚ in the diagram. The diode then stops conduction and is an open circuit ideally. 
The output across the diode is given by 
Va = V,, Sin ot — Үс Va Sin ot — Ve. 

The output is, therefore, as shown in Fi L,E3.1.3(b). The waveform at the output 
is the same as that of the input except for a shift of Ve e V,, Volts. Thus the 
circuit clamps the positive peaks of the waveform at the output to zero volts, If 
we reverse the direction of the diode the circuit will clamp the negative peaks to 
zero and the waveform will shift up by -+ Ve volts. Ve is almost equal to om 
volts, as mentioned earlier, except for the voltage drops across the r, and the diode, 
Clampers find wide applications in TV circuits and voltmeters etc. 


Example 3.4 Clipper ` } \ 
One of the important applications of the diode is as a limiter or a clipper 


as shown in Fig. E 3.1.4(a). Once thé. input voltage v, exceeds V, the diode D, 
conducts, but D, does not because it is connected in the 


80 that the output does not exceed — V, Volts. The output voltage v, is as shown 
in Fig. E 3,4.4(b). The source resistance , should be much larger than the forward 
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resistance of the diodes but should be much smaller than the reverse resistance of 
the diodes. This circuit thus limits the output to. +V, and —V,. The output 


(b) Waveforms 
Е 3.14 Diode limiter 


waveform between these two levels is the same as the input. The’ clipping levels 
are adjusted by the voltages V, and V,. Single diode and double diode limiters 
are used extensively in electronic circuits for wave shaping. з Й 
The. diodes. used. for rectification naturally have voltage-current, ratings 
different from those used for low power clamper, limiter. and peak rectifier etc: 
applications, For example the rectifier diodes may have following npe. 
Average forward current = 3.8 Amperes 
Peak inverse voltage = 20 Volts = 


On the other hand low power diodes have specifications like 


Forward current — 35 mA 
Reverse voltage = 30 Volts. 


3.1.2 Боноттку BankmR Drop 


A diode acts as a switch by allowing a current to flow when the amis to 
cathode voltage is positive. If the voltage is made negative or is removed from 
the anode then the diode should ideally switch off the current. ‘This is shown in 
Fig. 3.5(b) where there is no current when the voltage is negative. This ideal 
characteristics is not achieved in the junction diodes particularly ‘when the speed 
at which the diode is required to be switched off is very high. The cause of the 
failure is the life time! of the carriers. When a forward voltage is applied, the 
electrons from the n-side are injected across the transition region into the p-side 
where they are minority carriers. Near the junction, thus, there is an excess of 
minority carriers. "They either recombine with the holes or are swept out by the 


М 


38 Д BASIO ELECTRONICS 


field. The recombination is dependent upon the life time of the viles: ж 
this period there is a storage of charge carriers. When the igh ve sqm 
either removed or a reverse voltage is applied suddenly as shown in Fig. 3.6, 


Voltage 
Msc “Forward 
t t 
time 
Reverse 
sj VR 


ta) Input voltage across the diode 6) Current through the diode 
3.6 Suitching the diode 


stored charge present creates a problem. With the application of the reverse 
voltage these stored charges, electrons in the p and the holes in the n region, move 
in the opposite direction giving rise to.a large reverse current flowing across the 
junction when ideally it should have been zero, The reverse current approaches 
zero gradually as the excess minority carriers move out of the transition region. 
‘Thus the diode would not work as a switch or as a rectifier at very high frequencies. 


Instead of a pn junction diode, a metal-semiconductor junction diode can 
also be made. These diodes do not have the problem of carrier storage. They 
are known as Schottky barrier diodes. The Schottky diode consists of a junction 
between a metal such ‘as platinum, gold or silver and ап extrinsic n от p type 
semiconductor. Let us.assume an n-type semiconductor for the purpose. Metals 
have a work function defined as the minimum energy required for an electron to 
escape into vacuum. This energy is the difference of the energy between the 
Fermi and the vacuum levels. For semiconductors the difference between energy 
of the vacuum level and that of the bottom of the conduction band is known as 
electron affinity. Whena junction is formed between a metal and a semiconductor, 

з get aligned or line up. The difference of energy 
of the metal and. the electron affinity of the 
semiconductor forms a batrier to the electron flow. Due to this barrier, known 
as.the Schottky berrier, the electrons at thermal .e 
from’ the semiconductor side to the metal. side, 
the electrons gain enough energy to cross the barrier 
there are already a large number of electrons, 
in the semiconductor and remain so in the me 
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takes place. The metal-semiconductor junction is thus unidirectional and behaves 
as a diode. Obviously, there is no charge storage in the metal-semiconductor 
junction, hence the diode would switch off as soon as the reverse potential is 
applied. The Schottky diode represented symbol- “ fov N : 
ically as in Fig. 3.7 can turn off fater than a pn _—{ Д1 1——— 
diode. The v-i characteristics of this diode is | | 
similar to the pn junction diode in all other 3.7 Schottky diode 
respects. The Schottky diodes find applications im very high frequency and fast 
digital circuits. "oh 

It is relevant to mention here that when leads are connected to the pn diodes 
or other semiconductor devices metal-semiconduetor junctions are automatically 
formed. But these junctions should be non-rectifying and should be purely ohmic. 
If the work function of the metal is smaller than the electron affinity of the n-type 
Semiconductor then no barrier will exist. For this purpose therefore the metal 
is chosen carefully and the surface conditions are controlled in addition to produce 
an ohmic contact in practice. 


3.1.3 ZENER DIODES 
We have shown that when a pn junction is reverse biased it breaks down at 
` a particular voltage Vj as shown in Fig. 3.8. We observe from the characteristic 


piti ap i 


(b) Symbel 


(a). Breakdown Characteristic 


3,8 Zener diode 


that the reverse current is small for small reverse voltages. When, the reverse 
voltage equals — Vg, the reverse current shoots up and is limited by the external 
circuit only. The voltage Vp. remains constant for a wide range of currents. If 
now the reverse voltage is réduced below Vg, the current again becomes small. 
'Thus as the reverse voltage is brought back to zero, the characteristic of Fig. 3.8 
is retraced. Such a breakdown is therefore called a reversible breakdown. Large 
breakdown current may destroy the diode: because of excessive heating. To prevent 
destruction of the diode, the current should be limited by external curcuit and 
proper heat dissipation capability should be provided. This diode is known as 
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the Zener diode. The characteristic of the Zener diode can be utilized. with 
advantage to produce a voltage reference. That is, this diode can be used as 
constant voltage source particularly where the variations of either the load current 
ortheinput supply voltage are likely to change the load voltage. Such an 
application is illustrated by the following example. 

Let us say that we want a‘6 Volt source when’ we have available a supply V; 
varying from 10 to 18 Volts: We shall choose a Zener diode with a Zener voltage 
V, = Vg =6V and connect it as shown in Fig. 3.9. Since the Zener diode is 
reversed biased and the V, is always larger than Vg, a breakdown occurs, The 


R=1KN 


Vs 
10-18 Zener Diode 


3.9 Use of Zener diode as a constant voltage source 


voltage Vo across the diode is +6 Volts as desired. ‘The resistance R'is connected 
in order to limit the current. The minimum and maximum Zener currents are 


10 —6 
Z min tx 49 7 4 mA 
and 
18— 6 
2 тав = 1 x19 = 12 тА 


Thus we get.a constant 6 volt from a variable input supply. To obtain a higher 


reference voltage, we can either use a number of Zener diodes in series or use a 
Zener diode with an appropriate Уу, 


We shall take another example to show how Zener diode can be used as a 
voltage regulator when the load voltage is kept constant even though the load 
current is changing. The load voltage varies for different load currents because 
of the change in the voltage drop across t 


he source resistance. Let us suppose 
that the load current 7, is likely to change from 0 to 8 mA but the load ria is 


required to be constant at 6V. Taking a 42V Supply and a 6V Zener diode we 
yv TÉ in the circuit shown in Fig. 3.10 to achieve the desired regulation 

z = 0 will mean that the effective load is open circuit = 
ti B ov ЛЕ бйр. pen circuit and an 7; — 8 mA mean 


Now, for R, = © and I, = 0, we have the Zener current І, =I, and 


SPRAY 
i y L 
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12—6 


=12 mA 


500 


3.10 Zener voltage regulator 


when А, = 750 О and J; = 8 mA, J, remains the same because Vs, V; and Rz 
are constant. Since Iş = І, +J,, Iz changes as Iz does. 
Thus I, =I, — 1, —12—8 = 4 mA. 
Since Vg is higher than У and the Zenor current is varying between 12 and 4 mA, 
the Zener breakdown is maintained and the voltage across R; is held at 6V in 
spite of the changes in the load current. 

Zener diodes for a wide range of voltages from 3 to 100 Volts are available. 
'They have wide power ratings ranging from a few milliwatts to 50W. The different 


breakdown voltages in the Zener diodes are obtained by different amount of doping 
as shown in Fig. 3.41. A larger doping will give rise to a smaller breakdown 


Increasing doping 


3.11 Different breakdown voltages in Zener diodes 


voltage. ‘Larger size junctions and greater heat dissipation capability will give 
large power rating. 
3.1.4 TUNNEL DIODE 


We know that the depletion layer which constitutes a potential barrier in the 
pn junction depends on the impurity ‘concentrations. When the doping is 
6 (45-73/1983) : 
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increased heavily the width of the depletion layer reduces considerably. If the 
depletion layer is very narrow i.e., of the order of 100 A" or less the electrons can 
tunnel through the potential barrier and go to the other side of the junction. 
This is a quantum mechanical behaviour and has been observed in many devices, 
Using this property of tunnelling Esaki developed a diode whose vi characteristic 
is shown in Fig. 3.12(а). Compared to an ordinary pn junction diode, the 
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| (b) Symbol 
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(а) v-i characteristics 
3.12 Tunnel diode 


characteristic of the tunnel diode is very different and interesting. The most 
significant part of the characteristic is the small range of voltage V, to.V, where 
the current decreases as the applied voltage across the diode inereases.. Usually 
the current increases as the voltage is increased and the v-i curve has a positive 
slope in most of the devices and circuits. A positive slope indicates a resistance 
. which consumes power. The question arises that if a Positive slope of the v-i 
curve represents a positive resistance which consumes power than what does a 
negative v-i slope represent. Obviously, the negative slope should represent a 
negative resistance. Since the positive resistance consumes power, the negative 
resistance must generate power. Thus, we expect that the tunnel diode having 
a negative resistance region will generate power if it is operated over this region. 


The key to the peculiar v-i characteristic of the tunnel diode is the heavy 


doping of the p and the n semiconductors resulting in a very narrow transition 


region. A simple explanation in terms of the energy states of the condition band, 
the valence band and the Fermi level is given as follows. Energy band diagrams 
for both lightly and heavily doped junctions are shown in Fig. 3.13(a) and (b) 
respectively. The bands and the Fermi levels shift up or down when an external 
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bias conditions as shown in Fig. 3.13(a) (i). Because of the potential barrier, 
the electrons from the conduction band of the n side cannot go to the conduction 
band of the p side. Similarly the holes from the p side cannot come to the n side. 
As the junction is forward biased, the Fermi level on the n side rises above that 
on the p side and the potential barrier is reduced as shown in Fig. 3.13(a) (ii). 
This enables some of the charge carriers to overcome the barrier and go over to 
the other side of the junction. As the forward bias is increased, more charge 
carriers are able to cross the potential barrier and the current increases. When 
the junction is reverse biased, the Fermi level on the п is lowered as shown in 
Fig. 3.13(a) (iii). ‘The potential barrier is increased and no majority carriers are 
able to cross the junction. 

We observe from Fig. 3.13(a) (iii) that the electrons in the conduction band 
are able to see the valence band directly across at the same energy level under the 
reverse bias condition. If somehow or the other, valence band on the p side had 
some vacant energy states and the depletion layer was very narrow, the electrons 
could tunnel through the forbidden gap from the л side to the p side and cross the 
junction even though they would not have been able to do so because of the large 
potential barrier. We also find from the Fig. 3:13(a) (iii) that under the reverse 
bias condition the electrons in the valence band on the p side are able to see the 
unoccupied states on the n side. These bound electrons can not normally go to 
the n side from the p side. However, if the transition region is made extremely , 
narrow, they would tunnel through the forbidden gap in the presence of high electric 
field. 

The transition region is made very narrow.by heavy doping. In heavily 
doped junctions, the depletion layer becomes very narrow and the Fermi levels 
on the p side go inside the valence band and on the n side go above the conduction 
band as shown in Fig. 3.13(b)(i). The electrons in the valence band on the p 
side now see vacant states at the same energy level in the conduction band of the 
n side and the width of depletion layer is also very narrow. They therefore tunnel 
through to the other side of the junction causing a large amount of current even 
under the reverse bias condition. This is what has earlier been referred to as 
the Zener breakdown. It accounts for the characteristic of the tunnel diode in 
the 3rd quadrant as shown in Fig. 3.12(a). We should note that when the transition 
width islarge in the case of lightly doped junctions, as in Fig. 3.13(a)(iii), 
the tunneling does not take place. 

The electrons in the conduction band of the п side see the forbidden gap 
both under the zero and the forward bias conditions in lightly doped junctions. 
This situation is changed when the p and the n sides are heavily doped. When 
such a junction is forward biased the Fermi level goes above the conduction band 
on the n side and below the valence band on the pside аз shown in Fig. 3.13(b) (ii). 
The electrons frum the n side tunnel through to the p side under small forward 
bias conditions and we get a current as shown by the point z inFig. 3, 12(a). At 
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the zero bias condition, the Fermi levels are aligned on both the p and the п sides 
as shown in Fig. 3.13(b) (ii). Here the electrons in the conduction band on the 
n side see the filled states in the valence band of the p side and there is no current 
at the zero bias. As the forward bias is increased, the forward current increases 
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side. This reduces the tunnel current. As the bias goes on increasing, larger 
number of electrons see the forbidden band and the current goes on reducing until 
it becomes small, corresponding to the point z in Fig. 3.12(а). The energy band 
diagram for this situation is shown in Fig. 3.13(b) (iv). Beyond this forward 
voltage, the bottom of the conduction band on the n side is at or above the top 
of the valence band on the p side and none of the electrons see any empty states 
directly across. In fact they see only the forbidden gap. The tunneling therefore 
stops. 

With a further increase iri the forward voltage the electrons would cross the 
potential barrier as in the lightly doped diode resulting in the conventional diode 
current. ‘The characteristic of the tunnel diode is similar to that of a conventional 
pn junction diode beyond this forward voltage. Thus we see that the tunneling 
current flows with small reverse voltage as shown by the point ш and keeps on 
steadily increasing till the forward voltage corresponding to the point y is reached, 
Fig. 3.12(a). The tunneling current starts decreasing with further increase in the 
forward voltage and gives rise to the famous negative-resistance characteristic. 
Once the tunneling current reaches the minimum level, the normal diode current 
starts flowing with the increasing forward bias. We can say that the Zener break- 
down taking place for the reverse voltages and extends even for small forward 
voltages. The discussion above has all through been confined to the movement 
of electrons only, but it holds for the movement of holes as well. 

Since the tunnelling takes place at very high speed, almost the speed of light, . 
the tunnel diodes find applications in high speed switching. Tunnel diodes are 
also used to make microwave amplifiers and oscillators. · 


3.1.5. VARAOTOR DIODE ! 

In a pn junction the majority carriers move away from the junction when it’ 
is reverse biased. As a result more immobile charges are uncovered near the: 
junction. The charges are of opposite polarity and the width of the space charge 
increases with the applied voltage. Change of charge with voltage produces a 
capacitive effect given by 


_ 4 | 
is E Jin 


This capacitance is known variously as the transition, space charge, barrier or 
depletion region capacitance. It varies with the reverse voltage Vp as 


Ca Vg 
where п is a number depending on the type-of junction and the level of doping. 


For an abrupt junction n = 0.5. Typical transition capacitance as а funetion of 
reverse voltage Vp is shown in Fig. 3.14(a). j . 
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The pn junction diodes specially made for the purpose of producing voltage 
variable capacitance are known as Varactors, Varicaps or Voltacaps. The term 


— o 


(b) Symbol 


Capacitance in pF —e 


5/7 10,15 ;.20 25, 30 35 
Reverse Voltage, үр In volts ——e 


а) 
3.14 Varactor diode 


varactor comes from variable reactor and the varactor diode is symbolically 
represented as in Fig. 3.14(b). The varactor diodes are used in parametric ampli- 
fiers, harmonic generators, mixers, modulators and voltage variable tuning 
circuits." We know that the resonant frequency of a parallel tuned circuit of L 
and C is given by 


à 1 
h= Qr — 
f; 274 LC 
If a varactor diode is connected in parallel with C, the circuit can be electronically 


tuned by simply varying a voltage as. shown in Fig. 3.15. In fact, tuning can now 
be done from remote locations. 


d.c. Blocking 


Ju 


345 Electronic tuning 


3.1.6 Ілант Емтттгмо Drops 
Semiconductors have а band gap, Ej, which separates the valence and the 
conduction bands. ‘Energy E = E, = hf is required to take an electron from the 


lose queo ol 


Resonant circuit 
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valence band to the conduction band. Such a transition generates an electron- 
hole pair. When the excited electron falls from the conduction band to the 
valance band while recombining with the hole, the energy Z = hf is emitted in the 
form of radiation. In the pn junction diodes the recombination of charge carriers 
takes place somewhere inside the structure. ' The recombination in the Silicon ` 
and Germanium takes place mostly through traps and the liberated energy goes 
into heating of the crystal. We do not get this energy in the form of light. But 
the semiconductors of III-V group such as the Gallium Arsenide and the Gallium 
Phosphide have direct band gap ie. the minimum of the lowest conduction band 
and the maximum of the highest valance band are at the same wave vector in the 
Brillouin zone. As a result of this the recombination is direct and the energy 
released appears as a-radiation. The radiation will be at a frequency f, or wave 
wave length A, which is equal to E,/h Thus 


ch 


a= 2 = 
{ E, 
For GaAs, the bandgap Ej = 1.45 eV 


3 x 108 x 6.625 x 1077* ч 
145 x 1.602 x 10-19 


= 850 nm 


Therefore, А = 


We know that the range of visible light is from about 400 to 720 nm. Thus the 
radiation (A = 850 nm) from. the GaAs diode is in the infra-red: region. The 
bandgap of GaAsP (with a particular doping) is about 4.9 eV and the radiation 
is аё 650 nm (red) which is visible. Thus, by a proper choice of the bandgap and 
the material, radiation of desired wave length may be obtained. 


Such a pn diode which is specifically made to give emission in the visible 
region is known as the Light Emitting Diode (LED) and is shown symbolically in 
Fig. 3.46(a). Since the radiation occurs when the electrons and the holes recombine, 
the majority carriers are required to cross the junction. The diode is therefore, 
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forward: biased to produce a radiation as shown in Fig. 3.16(Ь). The LED takes 
tens of milliamperes of current. 


Compared with the incandescent light sources, the LEDs consume. much 
less power and have longer life. An important feature of the LED is that it can 
be switched on and off at a fast speed. LEDs find many applications in numeric 
displays, like watches, calculators, instrument panels etc. and optical communication. 
In numeric displays one or more LEDs are arranged per segment in а 7-segment 
configuration as shown in Fig. 3.17 (a). The LEDs of each segment have separate 


Ía) Seven Segments ABCDEFG 


(b) Numeral 5 
3,17 .LED numeric display 


drive circuits to switch them on. A particular numeral is displayed depending 


А r example driving and Switching on the 
segments A B D F and G displays the numeral 5. If all the seqments are 
switched on simultaneously we shall get a display of 8 (eight). 


The light emitted. by the Т.» із incoherent in the sense that all the emitted 


photons are not emitted in phase primarily because Tecombination occurs at 
random times. When the photons are emitted in phase, particularly when the 
radiated photon is in phase with the incident photon, we get a coherent light. 
A. coherent light source is called ‚а LASER (Light Amplification by Stimulated 


Emission of Radiation) Under certain appropriate conditions pn junctions are 
made to radiate coherent light. 


3.1.7 РноторторЕ 


ў Тһе Teverse biased pn junction has a reverse saturation. current which is 
primarily due to the flow of the minority carriers. The minority carriers are the 
hole-electron pairs generated by the thermal ener 


gy absorbed by the crystal at 
Toom temperature. It is clear that with an increase of the thermal energy, brought 
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about by an increase of the temperature, more electron-hole pairs will be generated 
resulting in an increase in the reverse saturation current. Now, if the pn junction 
is irradiated by light energy, in place of the thermal energy, then once again the 
electron- hole pairs would by generated and the current through the diode would 
increase. Thus light can be detected using a reverse biased pn junction diode 
known as the photodiode. Sometimes, a lens is placed on the junction side of the 
photodiode so that incident light can be focussed on to the surface for maximum 
activity, as shown in Fig. 3.18 (a). Reverse biasing of the photodiode is shown 
in Fig. 3.18 (b) and the symbol for the photodiode is shown in Fig. 3.18 (с). The 


LIGHT 


24V 


(a) With lens 


Output 
Voltage [^ d 
c) Symbol 
(b) Biasing 


3.18 Photodiode 


reverse current through the diode increases when light is incident on it and the 
voltage drop across the resistance increases. The changes in the output voltage 
are proportional to the incident light. This output signal is amplified by a low- 
noise high input impedance amplifier for further processing. 


Photodiodes find many applications, in instrumentation, control, automation 
and communication. For example batch counting of industrial products, 
operation of relays and control of many automatic mechanisms can be carried out 
using photodiodes and light sources. They find a tremendous application in 
optical communication systems. Optical couplers can be made with the help 
of LEDs and photodiodes as shown in Fig. 3.19. This mechanism isolates two 
systems electrically as well.as mechanically and the only coupling is by means of 
light. 

7(45—13/1983) 
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3.1.8 KOLAR CELLS 
Solar cells are large area Photodiodes operated at zero bias voltage. They 
convert solar light energy into electrical energy. The principle of their operation 


yl 
3,19 | Optical coupling 


is the same as that of the photodiodes discussed above. The v-i characteristics 
of a pn junction diode is shown in Fig. 3.20. The dotted curve marked ‘dark’ 


„ү 


Illuminated 


-——— 


3.20 v.i characteristic of a solar cell 


is obtained in the absence of any light irradiation on the junction. Aslight falls 
on the junction extra hole-pairs aré generated. These carriers would produce a 
short circuit current when the diode is externally shorted by a wire. Thus the 
Photodiode acts as a current source with zero external bias. It amounts to saying 
that the characteristic of the diode is shifted. The solid curve in Fig. 3.20 shows 
the characteristic under illumination. ‘We observe from the curve that at zero 
current there is a voltage across the diode. The open circuit voltage of the Silicon 
solar cell is 0.55V and the short circuit current is about 35mA/em?. The power 
conversion efficiency is about 15%, Many such cells are mounted on big panels 
to generate large quantities of electrical power. Satellites and space vehicles 
depend solely on solar. cells for their power requirements to operate various 
electronic and other equipments, The solar cells are receiving more attenton even 
for the terestrial electric power generation. 


3.2 Transistor 


Transistors are three terminal semiconductor devices, They find a number 
of applications in electronic circuits. In analogue circuits their basic function is 
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to amplify a signal while in digital circuits they act аз а switch ora gate. We shall 
describe the amplification property of the transistor in some detail first and take 
up the discussion of digital circuits later. : 


То start with let us understand what we mean by the term ‘signal’ and its 
amplification. Information, message or intelligence existing primarily in any 
form when converted into the electrical form will be known as a signal. The 
signal is unpredictable and varies with time. Examples of signals in engineering, 
science and everyday life are countless in number. For instance, the variations 
of physical parameters like fluid pressure, fluid velocity, stress, strain, temperature, 
heartbeat of a patient etc. are a few examples cf information. Similarly speech, 
image, television, still pictures, written material etc. are other examples of 
information, These can be converted into. electrical signal by appropriate 
transducers. These transduced signals, shown in Fig. 3.21, usually have small 


Amplitude — 


Time —» 
3.21 Signal warveform 


amplitudes (a few microvolts) and have small power (a few microwatis), at the 

source where they are generated. They must be amplified in amplitude as well- 
as in power for any subsequent processing, storage, display or transmission to a 

distant place. It is important that the signal is not distorted in any fashion and 

its waveform is preserved by the amplifier. Transistors and vacuum tubes perform 

the task of this amplification very well. 


Primarily there are two kinds of transistors —the unipolar and the bipolar. 
When the charge carriers in a transistor are only of one kind we have what is 
called a unipolar transistor such as the Field Effect Transistor (FET). There are 
many varieties of FETs now. If both the majority and the minority charge carriers 
participate in the operation of the device then we get what is called a Bipolar 
Junction Transistor (BJT) Historically the BJT was commercially manufactured 
earlier. We shall describe the operation of the junction transistors first. 


3.2.1 BreOLAE JUNCTION TRANSISTOR 

A semiconductor diode described in the earlier section has one pn junction. 
If we grow another junction either on the n side or the p side of the diode then 
we shall get a pnp or an npn device with two junctions. Here one layer of a parti- 
cular type of semiconductor, say p type, is sandwitched ‘between the two layers 
of the n type semiconductors. The sandwitched layer is very thin. Both the 
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npn and pnp devices act as transistors and are shown schematically and symbolically 
in Fig. 3.22. Each of the three layers have metal contacts and terminals are 
brought out marked as Emitter E, Вазе В and Collector C. The junction between 
the emitter and the base, Fig. 3.22, is called the emitter junction and the junction 


Collector 


(b) pnp 
3.22 Schematic diagram and symbols of transistors 


between the collector and the base is known as the collector junction. In fact 
each of these two junctions behave as two diodes individually, 


We shall now consider the operation of the npn transistor in detail. The 
arguments hold true for the pnp transistor equally well except for the change in the 
polarity of the voltages and the currents, In the two diodes of the npn transistor, 
thus, the majority carriers move across the junctions and create potential barriers 
at the thermal equilibrium. The depletion layers at the two junctions prevent 

‘further movement of free carriers across the junctions, 


We now apply external voltages in such a way that the emitter junction. is 
forward biased and the collector junction is reverse biased as shown in Fig. 3.23. 


Emitter 
junction junction 


3.23 Flow of charge carriers in a biased transistor 


Since the emitter junction is forward biased the electrons move from n to p region 
ie. from the emitter to the base Tegion. Actually this is why this region is called 
the emitter. The holes similarly move from the base to the emitter region in the 


а — en 
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forward bias condition. However, the movement of the electrons injected into 
the base region is more interesting to us here. These-electrons are the minority 
carriers in the base region and their density at the emitter junction is high. They 
diffuse through the small base region and go to the collector junction without any 
significant recombination with the holes in the base region. It is sasy to see that 
in order to avoid recombination in the base region the base region has to be very 
narrow. Once the electrons reach the collector junction they are swept away 
by the accelerating field of the reverse biased collector junction. They are once 
again the majority carriers in the n-region of the collector. As a result of this 
kind of biasing, therefore, the main action that takes place is that the emitter 
injects majority carriers which diffuse through the base as minority carriers without 
much recombination and are collected by the collector as.majority carriers. Thus 
electrons flow from emitter to collector or equivalently a current flows from C 
to E in an npn transistor. In a pnp transistor the holes move from the emitter to 
the collector. 


This current flow is not a current through a simple resistor. Let us see why. 
In a’ forward biased junction, current flows and the diode offers only a small : 
resistance. One the other hand in the reverse biased junction there is no conduction 
and the diode offers a large resistance. In the transistor, however, the current 
flowing through a forward and: а reverse biased diode in series is practically the 
same. In other words a constant current floews through a low resistance and then 
a high resistance. The potential drop across the low resistance is small and that 
across the high resistance is large. If we can associate the input signal voltage 
with the forward biased junction and the output signal voltage with the reverse 
biased junction then we can get the desired signal amplification. It is indeed 
interesting to know that the word TRANSISTOR has been derived from Transfer 
Resistor which takes place between the two junctions. 

So far we have discussed only the flow of electrons injected across the 
forward biased emitter junction and their subsequent fate. There will be no 
injection of electrons into the base from the collector across the reverse biased 
junction. But the thermally generated holes from the n type collector and the 
electrons from be the p type base would be crossing the collector junction. 


We can now have a balance sheet of the flow of various charge carriers and 
the resulting currents at the E, B and C terminals external to the device. 
At thè Emitter — (4) Electrons m, injected by the emitter into tho base give 
riseto a current Ipe coming out of the terminal E. 
(2) The holes pe which have been injected by the base into 
emitter side give a current p, coming out of the emitter. 
Therefore the emitter current Ip = Ipe + Т» (3.24 (a) ) 


At the Base — (4) Out of n, electrons from the emitter say kn, diffuse 
to the collector. The rest (1-k) m, recombine in the 
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base region to give a current (1-k) J,, into the base 
terminal. 
(2) The holes p» give Ip» into the base ; 
(3) The thermally generated electrons n, give a current 
I,'» out of the base terminal. 
(4) The thermally generated holes from collector р; = р; 
give a current J,,’, out of the base terminal. 
Therefore, the base current I, = (1-k) Ine +1 ILI, (8:2.1(Ь)) 
At the Collector — (1) The diffused electrons n; = kn, from. the base give 
‘a current Ipe = К, е into the ‘collector terminal. 
(2) Thermally generated holes p; give a current Z,/; into 
the collector términal. `` 
(3) Thermal by generated electrons from the kase region 
т, = n, give a current Tye into the collector. 


Therefore the collector current à 
lo = kl, Lj. d. (3.2.4 (c) ) 
Hence I, + I; = (1-k) Ine + Inn І, — pot by, M Ly, d IS, 
(3.2.4 (a) ) 
We know that J,’, == I,’, and Ij, = IL, 
Hence eqn. (3.24 (d) ) can be simplified to 
І» +1 = Io t Ip, (3.2.2) 
The right hand side of eqn. (3.2.2) is the same as the emitter current J, of eqn. 
(3.2.1 (a) ). Thus 
Ij = Ig +1 (3.2.3) 
The eqn, (3.2.3) can also be obtained intuitively by applying Kirchoff’s current law 
to. the device as a whole. 


Now Ipe + l'e = со and is defined as the reverse Saturation current. 
Therefore, the collector current in eqn. (3.2.1 (c) ) can be written down as 
Io == Ino + 1% (3.2.4) 


1, I, 
where k —— Now defining IE &, we obtain 
“nme Ig 


Ic = a In +I, (3.2.5) 
Thus Ic = c + Ig) + I» Since Ip = To T Ty 
Therefore (1 — a) Ip = а Ip + РА 


æ iT 
“ойк apres 
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[7 
The quantity 
1—0 


is defined as f 


Hence Ig — Ig -+ (1 + B) Teo ү ‚ (3.2.6) 
We have defined two parameters œ and В which are nothing but ratios of currents 
flowing through the transistor. Let us understand their implications in more 


detail. From eqn. (3.2.5) 


== Tne = To rab 
Ig Ig 
Tm dara | : 
or — ~2 since I,, is very small ss compared to To. 
E 13.1 


If the recombination in the basé region is made small by proper doping and 
sufficiently narrow bandwidth, the values of a may range from 0.9 to 0.995. Thus 
the collector current is always less than the emitter current. Now from eq. (3.2.6) 


Ig — leo 
P Ig +1, 


or ps т provided Io > Ieo and Ip > Teo 


since f = D the range of values of f would be from 9 to 199. We find 


that f has values always greater than one and « has values always less than one. 


The collector is quite often taken as the output terminal and either the base 
or the emitter as the input terminal to get a voltage gain from the device by way 
of the ‘resistance transfer’ action between the reverse and the forward biased 
junctions. 


The reverse biased collector junction is equivalent to a high resistance г, and 
the forward. biased emitter junction is equivalent to a low resistance >. If we, 
for instance, take the emitter as the input terminal and inject a signal current Al, 
in addition to the biasing current Jz, we shall get at the collector a signal current 
A Ig = a.A Ig in addition to Io. Since is less than unity, we get an attenua- 
tion in the signal current. But the situation is different if we consider the voltage 
output at collector which is ar, 41. The signal voltage at the emitter is r, 
Alp. Since x&& 1 and те > Te the signal voltage at the collector is much 
larger than that at the emitter giving rise to a voltage amplification. The product 
of the signal voltage and the signal current at the input and the output terminals 
indicates that the power also at the output is larger than that at the input. Thus 
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the transistor amplifies the power of the signal. A word of caution is necessary 
here. We shall not get the amplification by the simple connection shown in Fig. 
3.23. Proper arrangements, to be discussed later, have to be made to take the 
signal voltage and power out. 


If we feed a signal current AJ, at the base terminal in addition to the bias 
current Гр, we shall get a collector signal current of В.А Г. Thus a large 
current gain is obtained over and above the voltage and power gain obtained 
in a manner similar to the previous case. 


We normally require two input and two output terminals. The transistor 
has only 3 terminals and therefore we have to make one terminal common between 
the input and the output... Since collector is the output terminal, we may make 
the base as the common terminal while feeding the input to the emitter or reverse 
their roles and make the emitter as the common terminal. We thus get either 
the common base or the common emitter configuration depending on the terminal 
we have made common. 


Many times we feed the signal at the base and take the output at the emitter 
terminal by making the collector as the common terminal. This gives rise to 
the common collector configuration where the current relations are as follows 


Ig=algtl oo (3.2.5) 
or, Z5 —1,—9l, +I, 
ог, (1—9). а=, 


Mb 
Therefore, g—(4—) (Ip+eo) (3.2.7) 


Assuming Ieo < Ip, we can approximate Ig as 


1 


b=; Is (3.2.8) 


In this configuration we do not get any voltage gain because both the input and 
the output are in the forward biased base-emitter junction circuit, But we do gét 


. 1 
a ċurrent gain yemas > 1. Thus, once again we do get power gain in 


this configuration also. 


The arrow in the emitter lead of the transistor symbol shows the direction 
of the current flow. Thus the current comes out of the emitter terminal in an 
прп transistor. For the pnp transistor the current would enter the emitter terminal. 
Since we have an access to the input and the output terminals only we can measure 


—————————— ин жанале. 
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the vi characteristics of the device at those terminals experimentally. Typical 
input and output v-i characteristics for a CE npn transistor are drawn in Fig. 3.24. 


0 02 04 06 08 10 Volts = 
Base = Emitter voltage Vee 
(a) Input characteristics 
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3.24 Transistor characteristics 


The experimental set up is in shown Fig. 3.25. The input characteristics relate 


3.25 Experimental set-up for measuring transistor Characteristics 


the base current J, and the base-emitter voltage Vez and are measured by 
applying a variable voltage to the BE junction. The BE voltage Vgg is measured 


* 8(45-73/1983). 
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with a high input impedance voltmeter. The measured values of Vgg and Ig 
are plotted in Fig. 3.24 (a). Since the BE junction is a forward biased diode, 
the J, vs Vgg characteristic is basically that of a diode. The current J, starts 
flowing practically after the voltage Vj; is greater than the threshold voltage 
(approximately 0,3V in Ge and 0.7V in Si transistors). 


The output characteristics which relate the collector current /с and the 
collector-emitter voltage Vc, are plotted by measuring J, for different Исе for 
a given Гв. We get different curves for different values of the base current as shown 
in Fig. 3.24 (b). The collector current is a function of the base current and the 
collector emitter voltage. For.a given base current, the emitter injects certain 
number of charge carriers into the base region. When the collector-emitter voltage 
is small the collector is unableto collect all the injected carriers. Hence. the 
collector current is small for low Voz. As Иск is increased the collector current 
rises first and levels off subsequently for the given base current. When the Vog 
is large enough, practically all the injected carriers are collected by collector and 
the J, remains almost constant. If we increase the base current /,, more carriers 
are available and therefore the collector current Jo increases independent of Vcg 
as long as Vog is large. A family of curves relating Гс and Vo, for different 
values of 7, are thus obtained. It should be remembered that the Го is not equal 
to zero when the J, is zero because of the small reverse bias saturation current. 


We have seen that the current at the collector terminal remains almost 
constant over a region as the collector voltage varies. This property makes the 
transistor behave like a current source. The resistance of the current source is 
defined as the ratio of the change in the collector-emitter voltage AV, to the 
change in the collector current A Jj. The ratio (А Vog/A Io) = г, is also 
known as the equivalent dynamic resistance between the collector and the terminal. 
The value of r, is of the order of 100K Q. Even though the collector current 
is independent of the Vog, it changes with the base current Iş. For example, 
if i, changes from 100 pA to 200 A, the J, changes from 4 mA to 8 mA approxi- 


` mately as seen in Fig. 3.24 (b). This property makes the transistor a current 
amplifier. 


The transistor has certain limits of operation in terms of the terminal 
voltages, currents and power. The device operates best in a certain specified 
region. Since the collector-base junction is reverse biased, a break-down occurs 
if we increase the reverse voltage beyond a certain limit. This sets the limit on the 
maximum CE voltage which сап be used. The current J, has to be below a certain 
value To max specified by the manufacturer to prevent the transistor from being 
damaged from a excessive current flowing through the bulk material of the device. 
The voltage drop Vog across the device and the current Г, lowing through it results 
ina power of Voy. Tg being consumed in it. The device gets heated in dissipating 
this power. There is, thus, a limit on the amount of power dissipated by a 


ELEOTRONIO DEVICES : ELEOTRICAL OHARAOTERISTIOS 99 


transistor. . We can plot a curve of Po = Уол. Іо on the output characteristic in 
Fig. 3.24 (b). This curveis a hyperbola and sets the limit on the combination of 
voltages and currents to be used. 

For the proper functioning of the device a particular set of Ip. Јо and Vor 
are selected to give the operating point of the transistor. This operating point 
should be below Гс mar and within the curve of maximum. dissipation. If we 
make Vog very small then the constant current property of the device is lost because 
the transistor goes into ‘saturation’. In this case either the junction gets forward 
biased or all the injected carriers are not collected. Therefore, the operating 
point should not be in the knee region which is below Vog min. Below I, = 0 
we only get the reverse saturation current J,, and the operating point should be 
above it. Thus we have a boundary on all the sides of the output characteristics 
and the operating point should be within it. It should be such that the signal 
excursion does not make the operating point cross the boundaries. ; 

A resistance is connected in the collector circuit for setting the desired yalue 
of the Vog of the transistor as shown in Fig. 3.26 (a) and the output is taken 
across it. Suppose we choose Q as the operating point, the base “current Igo 


Collector current, le — 


527] Vcc 
Collector - emitter voltage МСЕ —e 


b) Operating point 
3.26 Setting of the operating point 


the collector current [ggg and the collector-emitter voltage Vogg are ihe required 
terminal currents and voltage of the device. The operating point is indicated 


in Fig. 3.26 (b). 
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For a given operating point Q and power supplies Voc and Ува, we are 
required to calculate the values of Rg and Ry. The resistance Ар determines the 
base current J, which in turn controls Г. Rg can be calculated from the following 
equation : 


3.2.9 
yi Vss —V Bg ( 
Plo SENAT 
BQ 
Ro can be calculated as 
Rg = Veo — Veso (3.2.10) 


Тоо 

Usually for circuit applications V pg is assumed to be 0.3 Volts for germanium 

and 0.7 Volts for silicon transistors. The equations (3.2.9) and (3.2.40) are really 
not independent because Ico = f Ipo: Once lcg is given and, the #8 of the 


transistor is specified, Jz and hence Rp can be determined without recourse to 
the actual characteristics of Fig. 3.26 (b). 


The operating point shifts when a signal is applied to the base for the purpose 
of amplification. The applied signal changes the base current and hence the 
collector current. When the signal is such that J, = 0, then J, & 0 and Vog 
=Vog because there is no voltage drop across Rg. Under this condition the 
operating moves to point Voo on the Vog axis. On the other hand, if J, is very 


V, 
large then J, is also large. The maximum value of J, can be de only. For 


C 

large Гь, the operating point moves towards the knee region where Vog +0. The 
line joining the extreme points of operation, that is, Vog on the voltage axis and 
Voc 


Ж. on the current axis, is known аз the load line as shown in Fig. 3.26 (b). 
c 


The equation of the load line is obtained by writing Kirchoff’s Current Law (KCL) 
in the CE circuit as 


1 
Io air Vor + = (3.2.11) 
с 


The extreme points of operation mentioned above satisfy the equation (3.2.11). 
The operating point in fact moves along this line as the signal changes the base 


current. The slope of the load line 5-2) 
с 


The signal output vg is taken across Hc. To get a large output voltage 
Rg should be increased because v; = J o Во and for a large collector current 
Ro should be made small. Itis observed from the Fig. 3.26 that as J 'в is increased 
due to an increase in the signal amplitude, the collector current increases but the 
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collector voltage reduces. This shows that the signal voltage at the collector is 
490° out of phase with the input signal. 

The input and output characteristics can be drawn for the common base 
configuration and a similar load line can bedrawn to find the active region within 
the permissible boundaries. Characteristics and load lines can also be drawn 
for pnp transistors in the same way. In the case of pnp transistors, the voltages 
and currents would be of opposite sign to those of npn transistor; The CE, CB, 
CC configurations for both npn and pnp transistors are shown in Fig. 3.27. 


c с 


Е c E С 
в в 
ca cB 
E 
B ` 
с 
сс 
(а) прп (b) pnp 


3271 CE, CB and СС transistor configurations 


Example 3.2.1 

The silicon transistor in the circuit of Fig. 3,26 (a) has a B = 400 and 
Veo = 12V. t is desired that the quiescent collector current Ico = 5mA and 
= 5 volts. Select suitable values for Ro, Vgg 8nd Re і 
Since the voltage drop across the transistor is 5 Volts, the rest of the voltage 
(12—5=7 Volts) will drop across Rc. The resistance Rg is therefore 7 Volts/ 


Vogl 
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5mA — 14K Q. We draw a load line of slope —1/1.4K О passing through the 
point 0 as shown in Fig. E 3.2.1. We сап as well join the Voc point on the 


Collector current, 1с ——= 


4 8 12 16 Volts 
Collector- emitter Voltage Vog —» 


Е 3.2.1 Transistor output characteristics 


voltage axis to the point Vcc/Re on the current axis. This line will pass through 
Q. The current Ipo is either read from the graph or obtained as Igo = 1с0/8 


= 90 pA. Ifthe voltage У.» is chosen as бу — a practical choice, the resistance 
Rp is given by 


I 50x 10° — 
If Veg = Veo = 12V, for a single supply operation then Вр = 226K О, 
3.22 JUNOTION FrgLD Errecr TRANSISTOR 


In bipolar junction transistors both the majority and the minority carriers 
constitute the current flow. In contrast to this the majority carriers only transport 
the current in the field effect transistors. For this reason it is also known as a 
unipolar device. Its structure is quite simple. An n-type or a p-type semiconductor 
bar is taken and contacts are made at the two ends to take out the source and the 
drein leads as shown in Fig. 3.28. The n-type bar, for example, would have 
electrons as majority carriers and a current would flow along the bar when a voltage 
Vpop is applied between the drain and the source. The electrons as the majority 
carriers enter tha bar through the source terminal and leave the bar through the 
drain terminal. If we change the polarity of the battery Vpp the magnitude of 
the current flow will be the same but will be in the opposite direction. The flow 
of current through the bar can be controlled by constructing pn junctions on the 
two sides of the bar as shown in Fig. 3.28. The two pn junctions are formed by 
heavily doping (p+) the n type bar with acceptor impurities. Normally the two 
p+ regions are joined together and a common terminal called ‘Gate’ is brought 
out. We now apply a voltage Vag between the gate and the source terminals with 


EZLEOTRONIC DEVIOES : ELEOTRIOAL CHARACTERISTICS 53 


the polarity as shown in the figure. Let us now see how a controlled flow of 
current is obtained in this device. ` : 


3.28 Field effect transistor 


The pn junction between the gate and the source terminals is reverse biased. 
No current, except the reverse saturation current, flows in the gate—source circuit. 
Further, due to the reverse bias the depletion layers are formed across the junctions 
and immobile charges are uncovered on both the sides as shown in Fig. 3.29. 


Depletion 
egion 


n Channe 
ps 


‚3.29 Depletion regions in FET 


Without the pn junctions the current could flow through the bar across the whole 
of its cross-section. However, as the junctions are formed the cross-sectional 
area is reduced. It is further reduced because of the increased depletion regions 
resulting from the application of the reverse gate voltage. In fact area available 
for the movement of the free charges is reduced due to the reverse biasing of the 
gate. This effectively increases the resistance from the drain to the source and 
the current decreases even when the drain to the source voltage is kept the same. 
It is clear that the gate voltage would control the width of the depletion layers 
and thus the drain-source. current. The bar can now be thought of having a ` 
channel whose width is controlled by the gate voltage. We thus have a 


N 
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If the gate voltage is made positive with respect to the source the drain 
current, increases because the junction gets'forward biased and the depletion layer 
decreases making the channel wider. However, this is not a desirable region of 
operation because the gate-source terminals will*have low resistance under the 
forward bias conditions. 

"When a signal is applied at the gate, the current 7, will change and the drop 
across Hj would change accordingly. Because of the constant current property 
of the device we can make Rp large in order that a large voltage is developed across 
it and an amplification is obtained. Compared’ to a transistor, the FET has 
better input characteristics in the sense that the input resistance of the reverse 


biased GS junction is much’ higher. The Corresponding base-emitter junction _ 


in the transistor is forward biased and has a low resistance, Just like a transistor 
the FET also has three configurations of operation viz. common source, common 
gate and common drain modes. 


3.2.3 INSULATED GATE FET (IGFET) 

,. The Insulated Gate Field Effect Transistors (IGFET), also known as Metal 
Oxide Semiconductor Field Effect Transistors (MOSFET), are finding increasing 
applications in large scale, integrated circuits. They have two. special features 
viz, (1) low power consumption, and (2) small chip area, which make them very 
attractive, There are two types of MOSFETs, the depletion mode and the 
enhancement mode. Each of them of course could have an n-channel or a p-channel. 

` The structure of an n-channel depletion MOSFET. is, shown in Fig. 3.34. 
A lightly doped p-type semiconductor is taken аз a substrate and two highly doped 
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3.34 Depletion mode MOSFET 


n+ regions are formed which act as source and drain respectively. Between 
the two n+ regions, a shallow п region, called channel, is diffused. An insulated 


ELECTRONIC DEVICES : ELECTRICAL CHARACTERISTICS 67 
H 


layer. of Sio, is deposited overlapping the n + and л regions except for regions 
where S and D terminals are taken out, A, metallic film is deposited over the n 
region as shown in the figure and acts as the gate. The gate G here does not form 
a junction with the source and the drain contrary to the JFET. Because of the 
sandwiched insulated layer, the device is known as insulated gate FET.’ 


When Ves = 0.and the drain is biased positiye:with respect to the source, 
a current will flow from 20. S: trough the n region due to.the presence of electrons 
which are the majority carriers. . The. p-substrate is connected to the source. A 
negative. potential is applied to the. gate with respect to the source. The gate 
and the n-channel with the in-between insulated layer actas a parallel plate capacitor. 
A positive charge is induced: on the n-channel, when the gate side of the capacitor 
has a negative potential. This positive charge depletes the channel and reduces 
its conductivity. Thus the negative potential on the gate ‘controls the conductivity 
and hence the current flow through the channel from the drain to the source just 
as in the case of the JFET. i 


The static and the transfer characteristics of the MOSFET are drawn in 
Fig. 3.35. "We note that the device works well even when Vgs is made positive 
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3.35 Characteristics of n-channel depletion MOSFET. 


as shown in the characteristics. With a positive voltage on the gate, negative 
charge is induced in the channel and the conductivity of the channel increases. 
The current is controlled in the same fashion as before but it is increased instead 
of being decreased. This is the enhancement mode of operation of the MOSFET. 
The gate is not made positive in the n-channel JFET in order to avoid forward 


biasing of the gate-source junction, but there is no such junction here and therefore 


there is no question of its forward or reverse biasing. In fact the gate terminal 


has large input resistance under both positive and negative voltages dué to the 


insulated layer. The two types of gate voltages result in two modes of "working 
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of the MOSFET—the depletion mode with Vgg negative and the enhancement 
mode with Vg, positive. Опе can as well operate the device at Ис =0 with 
the signal having positive and negative swings. 


The MOSFET as discussed above is known as depletion MOSFET irrespec- . 


tive of the fact that it may work in the depletion mode or the enhancement mode. 
There is another variety of MOSFET which is known as enhancement MOSFET 
where there is no n-channel between the source and the drain. Thus, when Vogg = 0 
no current flows. Only if Vg, is made positive, current flows as shown in the 
characteristics in Fig. 3.36(a) and (b). The n-channel is induced in the substrate 


| 


Pinch -off 


Drain current Ip — 3 
> 


Volts 
Orain- source voltage Vog —= 


(à) Static characteristic 


mA 
! 
^ 
І T 
$ Substrate 
[=] 5 9 
Volts 
Gate - source voltage Vgg—= 5 
(b). Transfer. characteristic fc) Symbol ` 


"3.36 n-channel enhancement MOSFET 


when the gate voltage is applied, The symbol for the n-channel enhancement 
FET is also shown in the Fig. 3.36. Both the depletion and enhancement 
M OSFETs can be also be p-channel by a proper selection of channel material. 
The polarity of the battery and the direction of the arrow in the symbol are 
reversed for the p-channel, : j у 
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MESFET is another type of FET, different from MOSFET. It is actually 
a metal semiconductor field effect transistor. Its structure is shown in Fig. 3.37. 
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3.37 MESFET 


There is an insulating silicon substrate over which a thin wafer of n-type silicon 
layer is deposited. The source and drain terminals are taken by developing ohmic 
contacts on the n-layer. A metal to semiconductor contact is made over the, 
n-layer as shown. . This is known as the gate terminal. Asin the Schottky-barrier 
contacts, there is a depletion layer in the n-region due to the metallic gate contact. 
The conducting cross section is reduced due to this ‘depletion layer. The ‘width 
of the depletion layer and hence the cross section of the conducting region depends 
upon the gate voltage. The performance of this device is similar to that of JFET. 
They are easier to make because metal-semiconductor contacts can be made at 
lower. temperatures. , 


3.24 UNIONOTION Transistors (UJT) 

Unlike bipolar junction transistors and unipolar field effect transistors, a 
a unijunction transistor has only one pn junction. It is a -terminal device with 
one emitter and two base terminals as shown in Fig. 3.38. A lightly doped n-type 
silicon bar acts as the base and the p type impurity is added to get a pn junction. 
The emitter terminal is taken out from the p-region and two base terminals By 
and В, are.taken out: from the n-region as:shown. This device has a negative: 
resistance region and is therefore very useful in oscillator and switching circuits. 


The n-type bar acts as a resistance having two parts, one above the E region 
i.e; towards B, and the other below the E-region ї.е./ towards Ві. The base B, 
is normally kept at a positive potential with respect to the base B, which is grounded. 
A voltage drop Vg across the bar creates a field, Due to this field there is 
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voltage drop V „д across the lower-portion ofithe bar. <A! positive potential Y gg 
is applied to the emitter with respect to the base By. When Vgg is smaller than 
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3.38 Unijunction transistor 


the voltage drop v, in the lower portion of the bar, the .E-B junction is reverse 
biased and only the saturation current flows in the EB1 circuit... When Vgp is 
larger, than. v, the junction gets forward biased and J, flows. Due to this 
forward bias, holes are injected into the n-region and are collected by the base В,. 
Therefore, the conductivity of the lower position of the bar increases i.e., its 
resistance decreases, This causes Vyp, to decrease when J, increases. Thus, 
a negative resistance region is obtained as shown in Fig. 3.39 where Jz versus Укр, 
are: plotted. 


3 fo sary х J 

At large emitter current Гу, the input characteristic approaches the pn diode 
characteristic asymptotically, shown dotted in the figure. The resistance changes 
from a negative to a positive one at the point, (У, 1, v) Beyond f, the resistance 
is positive. The cut-off; the saturation and the negative resistance regions are 
marked in Fig. 3.39. The firing voltage V; is linearly dependent on the voltage 
Vgg and is quite stable. UJT has important applications i in sawtooth generator 
and multiviflrator circuits, 


3:3 Four layer Devices. 3... | ШҮ" 

We have described so far diodes which аге two layer or single нөт devices 
and transistors which are three layer or two junction devices. We shallow discuss 
four layer pnpn. devices which have.three junctions as shown in Fig. 3.40. If we 
take 2 terminals out we get a pnpn diode. However, if we take. 3 terminals out 
"we get a silicon controlled rectifier (SCR), also known as thyristor ; with 4 terminals 
taken out we get the. silicon controlled switch (SCS). 
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The operation of the four layer device «can -be easily understood by 
representing itin terms of two inter-connectéd pnp and npn transistors as shown 
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in Fig, 3,41. Suppose we apply a voltage V across the pnpn device, then we can 
easily see from Fig. 3.40 that the top and the bottom np junctions are forward 
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gs 
biased but the middle np junction is reverse biased. Because of the presence of 
the reverse biased junction in series no current flows through the device. Тһе 
only current permitted is the-reverse saturation current of the reverse biased diode. 
This is the situation when V is small ; but if V is large then at some voltage V = Vro 
known as break over or firing voltage, the reversé biased np junction breaks down 
and thé eurrent' rises abruptly. The voltage across the device drops to a very 
low value after the firing, because of the voltage drop across the resistance! due 
to the large current. Since the break down has occured the device-is able to 
sustain large current even at the small voltage across it. Thus, the device has, 
two well defined states. There is an ‘off’ state when V < Уво and the current is 
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low. There is an ‘on’ state when V > Уу, the device is fired, and the current is 
large though the voltage drop is small. - It can be brought back to the ‘off’ state 
only by removing the voltage V. 

The two-transistor analogy of Fig. 3.41 is now used to explain the switching 
action wherein the voltage drop becomes small when the device fires and the 


R 


Fg. 3.41 Two transistor equivalence of 4.layer diode 


current increases. The collector current of the pnp transistor Q, provides the 
base current to the npn transistor Q, and the collector current of the npn transistor 
О» provides the base current of the pnp transistor Q, 


We know that Toy — 0M gi + Teor t (3.3.1) 
and Tez = 031 ES + Ico: (3.3.2) 
Also Joy + dog = Ip = Ip, = Ig (Say) 


Therefore, combining eq. (3.3.1) and (3.3.2) 
Ig = Ig (® + 05) + Ieor + Тоо» 


Teo + feo 
1—(@-+д,) 


Eq. (3.3.3) is a very important equation and tells us a lot about the device. If 
(a, +a) approaches unity then 7j increases tremendously. In fact the device 
breaks over under this condition. For the current Z to be small and the device to 
be in the offistate (œ; +œ.) has to be very small. In silicon transistors, for small 
currents it is possible to have (v, -++ о;) less than one, that is; the individual as 
are less than 0.5 when the voltage is small, the current and the as are small and 
the equation (3.3.3) above is satisfied. As the voltage is increased, avalanche 
multiplication takes place and the current becomes larger thereby increasing the as. 
When (@,-+«,) approaches unity, breakcver occurs. As the current increases follow- 
ing regenerative action sets in. 


As Jy, increases Io; increases. Since Jo, is the base current for 
Q, Toa which is the base current of Q, increases, Thus the Jo, increases 


‘or Ig (3.3.3) 
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still more. Du to thise regenerative action the current increases in an ‘unrestrained 
fashion driving both the transistors into saturation. In the saturated condition 
the «s are again small. Thus, (o, + ©) remains limited to one even. after the 
current has increased beyond the breakover. If however the sum (c, -|- o) is greater 
than one, then the current through the device would be reversed. If V is reversed 
then the device does not operate this way because the outer two junctions are 
reverse biased and only the middle junction is forward biased inhibiting any 
regenerative action. The condition that, (œ; +c), be less than опе at low 
currents is not feasible in germanium semiconductors, therefore, four layer devices 
are available in silicon only. The v-i characteristics of the pnpn diode is shown 
in Fig. 3.42, 
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3.42 Static characteristic of pupn diode 


Vo isthe breakover voltage beyond which the current increases slowly 
accompanied by a fall in the voltage resulting in the negative resistance region of 
the device. Once the regenerative action is initiated the voltage drops to Vy and 
the current then rises rapidly as explained above. : 


The usefulness of the device increases if the breakover voltage Иво can be 
varied. A gate terminal at the p-region next to the cathode is taken out for this 
purpose. The device is known as Silicon Controlled Rectifier (SCR) and is shown 
in Fig. 3.43. The introduction of a current into the gate terminal is equivalent 
to increasing the base current of 0, of Fig. 3.41. This would increase the collector 
currents Г and Z, regeneratively even at lower anode to cathode voltage and 
the Vio is reduced. The SCR characteristics with the gate current Jc, as a para- 
meter are shown in Fig. 3.44. j 


When the second gate terminal is connected to the n-region near the anode 
we get a silicon controlled switch (SCS). In SCS the operation can be controlled 
by currents through either or both the gates. In SCRS, once the device fires it 
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can only be switched off by reducing the anode to cathode shan m oe 
device can be turned off by applying a negative trigger on either or both the gates. 
The SCS is a low-power device compared to the SCR. 
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3.44. SCR characteristics 


Two pnpn diodes connected back-to-back have “О №" states in both directions. 
They are called bilateral diode switch and are shown in Fig. 3.45. Light activated 


3.45 Bilateral diode switch 


SCR, (LASCR) is another variation of the SCR where the device is turned on by 
light impinging on it. We know that when light impinges on a semiconductor, 
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electron-hole pairs are generated. These excess carriers make œ, -+ %, approach 
unity and help the device fire.. Once the device fires, even if the light pulses are 
removed, it remains ON. : \ ji 

A simple application of an SCR in a circuit is shown in Fig: 3.46 (a) and the 
wave forms in Fig. 3.46 (b). We" know that a diode rectifies an ac signal i.e., the 
current flows through the resistance for half the cycle. With the use of SCR, as 
in Fig. 3.46, we see that the angle of flow of current can be varied over 0° to 180° 
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by applying the triggering pulses at the gate at various instants of time. Since 
the current flows for different durations as controlled by the application of the 
trigger, the average current and hence the average voltage actoss the load are 
different? Such methods are commonly employed in speed control of motors 
and in controlling illumination etc. The advantage of using SCRs over the 
resistance control circuits is that practically no power is lost in the control circuit. 


3.4. Vacuum Tubes (he 

The vacuum tubes were the first active electronic devices used extensively. 
Even after the solid state devices mentioned in the earlier sections have been 
available extensively, at low costs, vacuum tubes still find applications in ‘many 
special circuits. The characteristics of vacuum devices such as the diodes, ‘the 
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triodes, the pentodes and the Cathode Ray tubes are discussed here briefly. All 
these vacuum tube devices are encapsulated in a glass or metal envelope which 
is evacuated approximately to 1076 to 10°°mm of Hg. Low pressure is essential 
in order to ensure that there is no ionization of the gas or air when the electrons 
move from cathode to anode. Low pressure also helps electron emission from 
cathode. The cathode and the anode are usually cylinderical in shape. The 
emission of electrons from the cathode is due to one of the following mechanisms 
(i) Thermionic emission (ii) Photo emission (iii) Secondary emission (iv) High 
field emission and (v) Ionization. 

The thermionic emission of electrons takes place when the metal is supplied 
with enough thermal energy to enable some of the free electrons to leave the 
surface of the metal. The number of electrons emitted is a function of the 
temperature and the work function of the metal, The electron current is given 
by Richardson and Dushman as 


I = A, ST? exp [—byT] (3.4.1) 
Where 7 = temperature of the source, °K 
2 
P = E ede = Proportionality constant, amp/m?/deg? 
E 
b = 8 = 11600 Ey 
Ew = work function of the metal, eV 
S = Surface area, Sq. meters 
k = Boltzmann's constant, 
h = Planck's constant, 


and m and e are the mass and the charge of the electron. 


Tungsten, thoriated tungsten and oxide coated materials are used as 
emitters. Their characteristics are given in Table 3.4.1, We see that the emitters 


Table 3.4.1 Characteristics of Cathode Materials 


Material Ao VEA Ew Emission Operating 
(eV) efficiency temp. 
mA/watt (°K) 
ee ы Ыыы АУ ООР MEUS. 
Tungsten 60.2 х 104 52,400 4.52 4-20 2500-2600 
Thoriated 3 X 104 30,500 2.6 50-100 1900-2000 
Tungsten 
Oxide 0.01 X 10* 11,600 1.0 100-1000 1000 1200 


coated. 
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are required to be heated to a temperature ranging from 1000°K to 2600°K depending 
on the particular material chosen. Heating is usually done by passing an electric 
'eurrent through a filament. Sometimes the filament itself is made to work as an 
emitter and we have the directly heated cathode. In indirectly heated cathodes 
the cathode is separate from the heating filament. In addition to the cathode, 
the anode and the filaments, there are other-electrodes known as grids in the form 
of wires wound like a coil. These grids are used to control the flow of electrons 
through the vacuum in the tube. 


3.4.1 Vacuum ЮторЕ 


The construction of a vacuum diode is shown in Fig. 3.47. As the filament 
is heated by an a.c. or d.c. voltage (5 to 12 Volts), the cathode emits electrons which 
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3.47 Vacuum diode 


form a cloud just above it. This cloud of electrons is known. аз the space charge. 
After a certain charge density is attained it repels and therefore stops any further 
emission of electrons from the cathode. Of course, if the temperature is increased 
further, the electrons acquire more energy and overcome the repelling field of the 
space charge resulting in an increased emission. Once again the space charge 
limits the emission of electrons beyond a certain charge density. Now, if a positive 
potential is applied to the anode, electrons from the space charge are depleted. 
More electrons are emitted from the cathode immediately to replenish the space 
charge. Thus, there is a continuous current flow in the cathode-anode circuit, 
The static characteristics of the diode is shown in Fig. 3.48. 


The relationship between anode voltage and the current. density is given by 
Langmuir-Child law as 
| -6 
зза (30A o MO DC ESSE Lf (8.4.2) 
d? Е 
where J = ‘anode current density, amp/m* 
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Ул = E» = anode potential, volts 
d. .—. anode-cathode separation in meters 
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3.48 Static characteristics of a vacuum diode 


Some electrons having sufficiently high velocity are able to reach the anode 
even when the anode potential is zero. Thus there is a small current when V4 = 0. 
As the anode voltage is increased, the anode current also increases. After a 
certain anode voltage, the current levels off because the anode takes away electrons 
from thes pace charge at a faster rate than the cathode can supply at that temperature. 
This region is, therefore, known as the temperature limited operation of the 
diode and is not a very useful region. If however the temperature of the cathode 
is increased the current would also increase as shown in Fig. 3.48. The region 
below this, where the current depends on the anode potential, is known as the 
space charge limited region. 


If the polarity of the anode voltage is reversed then no current flows because 
the negative anode repels the electrons. Thus, the vacuum diode, like a semi- 
conductor diode, is a unilateral device and is used as such in all applications. The 
range of operating voltages in vacuum diodes is much higher-of the order of tens 
of volts. The vacuum diodes are. much bigger in size compared to the semi- 
conductor diode and require heating voltage for their operation. 


3.4.8. TriopE 


A triode consists of an additional mesh like structure between the anode 
and the cathode. The structure of the triode is shown in Fig. 3.49. When a 
positive potential is applied to the anode with respect to the cathode and no 
potential is applied to the grid, the triode works just like a diode—that is, the space 
charge is created near the cathode and the electrons flow to the anode due to the 
positive field. The v-i characteristic would be similar to that of the diode. 
Suppose we now apply a negative voltage on the grid with respect to the cathode 
as shown in Fig. 3.50. The negative potential on the grid creates a field that 
repels some of the electrons back to the cathode and a fewer electrons reach the 
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anode now. The negative grid potential therefore reduces the anode current. 
We get the family of v-i curves for different grid voltages as shown. in Fig. 3.54, 
These are known as the plate or anode or output static characteristics of. the triode. 
Individual curves are the diode curves and are displaced because of thegrid potential. » 
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The relationship between the anode current and the grid voltage for various 
anode voltages is shown in Fig. 3.52. This set of curves is known as the transfer 
characteristics since they show relationship between the output and the input 
parameters. Fora given anode voltage the anode current is decreased as the grid 
voltage is made more negative. The anode current becomes zero or the tube is 
said to be ‘cut-off? beyond a certain grid voltage for a given anode voltage. The 
anode current will be higher if the anode voltage is increased. We see that the 
grid actually controls the current flow in the triode and theferore it is also known 
as the control grid. ` Since the grid is nearer to the cathode than the anode, it has 
a greater control over the electron flow even at a potential much lower than the 
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3.52 Transfer characteristics of a triode 


anode. A smaller voltage on the grid can control the anode current in the same 
way às a larger voltage on the anode. When a varying signal voltage is applied 
to ‘the grid the anode current varies along with it. The voltage drop across a 
resistance connected in the anode circuit would, thus, change and the same signal 
with a large amplitude will appear across this load resistance. 


The anode current in the diodes of the form 
I, kV 
For the triode it would be of the form - 
= kA RYQ 
5/2 


y. 
o = k, (Ye $ iris (3.4.3) 


where К and k, are constants depending on the tube dimensions and p is a para- 
meter dependent on the ratio of the plate-to-cathode separation to the grid-to- 
cathode separation. The parameter p is known as the amplification factor of 


ELECTRONIC DEVICES : ENEOTRICAL CHARACTERISTICS 81 


the tube and is a measure of the effectiveuess of grid and plate in producing electric 
fields at the cathode surface. : 

With. the resistance R, present in the anode ciréuil, as in Fig. 3.50, the anode 
current can be found by drawing the load line on the output characteristic as in 
Fig. 3.51... The equation of the load liue would be 


1 
I = A (Vex — Ёл) 


The operating point Q can be selected such that the desired Гло and Vag are 
obtained. The grid voltage V; required for given Гло and Vg is found from the 
graph. As Vg changes, ће Q point moves on the load line and the anode current 
and voltage can be determined from the graph. For example, if the operating 
point is at Vgg—5V and then as the V; changes 10:0 and-12V the anode voltages 
changes to 90V and 225V. The voltage drop across R, changes to 160V and 25V 
from the initial 90V. Thus. a + 6V change in Vg appears as + (70V) change 
across R, giving rise to an amplification of 11.6. The grid is never allowed to go 
positive in normal applications. 

The triode is a voltage operated device because the voltage at the grid terminal 
controls the output. ' In transistors the base current controls the output parameters. 
The triode has a very high input resistance like the FET since both of them 
practically do not have any input current. This is unlike the transistor whose 
input resistance is small. The output characteristics of the triode are different from 
BJT and FET since it does not behave like a constant current.source. Just like 
the BJT and the FET, the triodes also can be used in 3 configurations viz ; 
common cathode, common grid and common anode, 

3.4.3 PENTODE 


In order to reduce the capacitive coupling between the grid and the anode 
electrodes another electrode known as the screen is interposed between them. Such 
a device is known as tetrode. The screen is a mesh like structure and is kept at a 
positive potential in the same manner as the anode. Since the screen now shields 
the anode, the anode does not have any appreciable effect on the field at the cathode. 
Due to the field of the screen grid the electrons are attracted towards it. The 
electrons pass through the control grid and even through the screen grid because 
of its mesh like structure. They are collected by the anode as in the triode. Some 
division of the toal space current between the screen grid and the anode does 
takes‘place because a few electrons strike the mesh directly and are collected by the 
screen. Since the anode does not have much influence on the field at the cathode 
the current does not depend on the anode voltage.. The insertion of the screen 
. grid, however poses one difficulty. The screen also collects the secondary electrons 
emitted by the anode due to the main electrons striking the anode with high energy 
This reduces the anode current and also produces a negative resistance 
characteristics. To avoid these problems another electrode, known as the 
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suppressor grid, is interposed between (he screen grid and the anode and is normally 
kept at the cathode potental. The secondary electrons are now returned back 
to the anode because of its higher voltage with respect to the suppressor grid. 
It further isolates the control grid and the anode. This device with five electrodes 
(3 grids, cathode and anode) and filaments is known as the Pentode whose charac- 
teristics and symbol are shown in Fig. 3.53. The pentode has output characteristics 
similar to BJT and FET and acts like a constant current source. 
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3:53 Pentode 


3.5. Cathode Ray Tube (CRT) 


Oscilloscopes occupy a very special place amongst the measuring and 


indicating instruments of today. The Cathode Ray Tube (CRT) is the heart of | 


the oscilloscope and is used extensively for measurements in the laboratory and 
the industry. CRT converts electrical signals into visual signals and has therefore 
major applications as a transducer to project electrical signal visually. Viewing 
of pictures in television —black and white or colour is possible because of the 
CRT. И has another major application in the display of Radar Signals. Cathode 


| 
| 
| 
1 
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ray is really another name of an electron ray or beam but the name Cathode ray 
is still used because of historical reasons. 


The CRT has three fundamental functional parts. Firstly it has an electron 
gun to emit electrons, concentrate them into a beam and focus them on the 
screen. Secondly it has two sets of deflection plates, horizonal and vertical which 
deflect the beam and position it anywhere on the screen with the help of connected 
voltages, Lastly it has an evacuated glass tube with a flourescent screen which 
makes visible the impact’ of the invisible electron beam. ‘The location of the 
electron beam can be seen from the other side as a lighted spot, Fig: 3.54 (a) 
shows a line diagram of a CRT. 
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3,54: Cathode ray tube and deflection of beam 
3.5. Exmorron GUN 


The filaments, cathode, grid and the accelerating anodes Ay and Ag in Fig 
3.54 (а) form the electron gun. The electrons are emitted by a cylinderical 
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Cathode heated by spiralled filaments. The oxide coating is set down on the front 
head of the cylinder instead of the sides, as is the common practice in vacuum 
tubes. The grid is also a cylinder with a small hole facing the oxide coating. 
This electrode effectively controls the intensity of the. electron emission just as in 
a conventional electron tube. .By applying a large negative voltage to the grid 
in comparison with the cathode, the beam current is reduced and hence the 
brightness of the spot on the screen. The control voltage on the grid therefore 
provides a method оѓ controlling or modulating the intensity of the beam and із 
referred to as Z-axis modulation, 


Coming out of the grid aperture, the diverging "beam of electrons passes 
through a succession of cylinders with perforated disks acting as diaphragms. 
These are called anodes and perform two functions. They are kept at a high 
positive potential compared to the cathode and thus accelerate the beam of 
electrons. The anodes also bunch the electron beam and focus it into a fine point 
on the screen. Тһе anodes» with suitably placed diaphragms and voltages 
applied to them behave like a lens. This electrostatic lens is just like an optical 
lens focusing a light beam, ‘The electrons are attracted to the anode because of 
its high voltage and if they strike it they are lost for our purposes here. 


Only those electrons which accelerate and pass through the holes in the 
anode structure are availabe. for focussing etc. The electrons passing through 
the hole in the Anode A, are given an outwardly directed force. On the other hand, 
the electrons passing through the cylinderical structure of A, and A, and the in- 
between space are imparted on inwardly directed force. Since the inwardly 
directed force actsfor a longer time, the electrons converge into a point on the 
screen. Everything else remaining the same, if the voltage at the Anode A, is 
changed, the focussing will be changed because the balance between the inward 
and outward forces change, Thus, the electron beam focussing by an electrostatic 
lens differs from the optical lean focussing of the optical beam. Here the focussing 
can be changed electrically by changing the voltage of the anode A,. The 
potential difference between the cathode and ihe anode A; may be about 250V 
and anode A, about 1000V. Sometimes a third anode is introduced to avoid 
interaction between brightness and focus. This third anode may or may not be 
connected internally to the first anode. 


We have described the electrostatic focusing here but magnetic field focusing 
is equally possible and is in fact used in television tubes. It should also be re- 
membered that electrons emitted by the cathode must finally go back to the anode 
after hitting the screen in order to close the electrical circuit. If no arrangements 
exist then the screen will slowly get negatively charged and further operation of the 


gun will be stopped. How the circuit gets closed and a return path provided is 
explained later. 
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3.5.0 DEFLEOTION SYSTEM ae 
There are two sets of deflection plates called the horizontal and the vertical. 


The horizontal deflection plates consists of two parallel plates placed together 
vertically. The plates are so positioned that the electron beam. passes between 
them. When a voltage is impressed on the plates, the electron beam deflects 
along the x direction. Generally, a linearly increasing voltage, increasing with 
time, is'applied to the horizontal or X-plates. The spot on the screen, therefore, 
will move liniearly with time from left to right if desired, Once the spot reaches 
the extreme right position it must be brought back to original left position quickly. 
The voltage waveform looks like a sawtooth and is also called a sawtooth or sweep 
waveform since it sweeps the electron beam from left to right and back again. 
An ideal sawtooth waveform is shown in Fig. 3.55(a). The spot will take 7, seconds. 
to move from one end to the other. ; | 
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Similarly a second set of two plates placed horizontally across the path of the 
electron beam constitutes the vertical plates. If a voltage is applied to these elec- 
trodes the spot moves in the y-direction. These plates are also called the Y-plates 
ofthe CRT. By applying suitable voltages to the X and Y plates the spot can he 
moved to any position on the screen of the CRT. 

Let us assume that a sinusoidal signal is applied to the vertical plates and a 
sweep signal is applied to the horizontal plates, The spot will move linearly with 
time in the z direction and will simultaneously be deflected by the sinusoidal signal 
in the y-direction. The resultant trace on the screen will therefore be the sinusoi- 
dal signal itself as shown in Fig, 3.55(b). Any waveform, therefore, may be seen 
on the screen of the CRT by a proper combinaton of the sweep and signal. vol- 
tages applied. In case the signal applied to the horizontal plates is also a sine 
wave then we shall see the Lissajous patterns on the screen, Lissajous pattern of 
two sine waves differeing in frequency by a ratio of 1to 2 is shown in Fig. 3.55(c). 
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Horizontal 
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(c). Lissajous -pattern 


3.55 CRT waveforms 


As the signals on the X and Y plates change the resultant pattern is traced as (1,1^), 
2, (2^,3), 4, (3,5) 6, (4,7), 8.and back to 1'. Frequency and phase can be mea- 
sured using this technique as explained later. 

Instead of deflection plates and an electric deflection of the electron beam, 
television tubes use electromagnetic deflection. A coil placed near the neck of 
the tube, with its axis perpendicular to the beam, deflects the electron beam verti- 


iar Ye 
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cally. Larger amount of deflection can be obtained over shorter distances and 
hence the length of the tube may be small for a particular size ‘of the screen. 
Magnetic deflection is not used in oscilloscopes because of the frequency 
limitations of the deflection system, 


3.5.3 SCREEN 


The screen of the CRT is coated with a thin layer of fluorescent material 
called phosphor. Various types of phosphors are available and are classified 
according to their ‘colour’ and ‘persistence’. The persistence is necessary other- 
wise at high speeds the spot would not have enough time to impress the retina of 
the eye and no pattern would be perceived. The rapid succession of discrete 
points on the screen is seen as a continuous trace, thanks to the afterglow of the 
excited points of the phosphor. It appears as if the spot has a tail and a solid line 
would thus appear at high rates. 

A high persistence is also not desirable except in very special applications. 
In a very high persistence CRT, the old trace if it has not disappeared will inter- 
fere with a new trace and smearing may occur. On the other hand while viewing 
arapid transient phenomena a long afterglow will help perceive the waveform. 
High persistence phosphors are used in these applications. We come to the con- 
clusion, therefore, that different type of phosphors ate required for special 
applications. For example, in general purpose oscilloscopes a persisteaence of. 
about 0.05 seconds is adequate. The persistence is defined as thé time taken 
for the brightness to reduce to 1 % of its initial value. Very short persistence 
phosphors have a persistence of about 0.005 seconds and long persistence 
phosphors may have persistence of the order. of 3 seconds. 

The colour of the light emmitted is another characteristic of à phosphor 
which is important. For general purpose oscilloscope applications, a greenish- 
yellow colour is preferred because the eye is most sensitive to this colour: For 
fast or high speed photography plue trace phosphors ate used. Black and white 
television tubes use different phosphors. Long persistence phosphors are gene- 
rally yellow or orange in colour. The materials used for the phosphors vary 
widely and various combinations have been used for specific applications. Zinc 
orthosilicate is the most commonly used phosphor. A table of various phosphor 
numbers and applications is shown in Table 3.5.1. n ; 


Ás was mentioned earlier, the electrons striking the screen: must have a return 
path to complete the electrical circuit. It appears that the screen will go on 
getting charged negatively by the electron beam striking it. This by itself will 
repel the electron beam and further electrons will not be able to reach it. There 
is, however, another mechanism whch allows this situation to be rectified. As the 
electrons hit the phosphor on the screen, secondary emission: of electrons takes 
place from the screen. This is in addition to the fluorsence produced by it in the 
form of light. In fact, more than оне secondary electron may be emitted for every 
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electron in the beam hitting the screen. These secondary electrons: are atracted 
and collected by a graphite coating placed over the interior of the glass envelope 
and connected to the second anode as shown in Fig. 3.54 (а). 


Table 3.5-1 Cathode Ray Screens 


Phosphor number Colour Persistence Applications 
P— 1 Green Medium short Т General purpose 
oscilloscopes 
P—2 Blue green Long Transients Seeing 
P— 3 Greenish Medium short General purpose 
yellow oscilloscopes 
P—4 White Short Black — White TV 
Rr 5 Blue Very short Photographic 
oscilloscopes 
P—6 White Short TV 
P— 7 Blue white Very long Radar screen 


then yellow 


P. — 12 Orange Long Radar. Screen 


3.5.4 -DEFLECTION SENSITIVITY 

An important characteristic of the CRT is the amount of d.c. or peak-to- 
peak a.c voltage required on the deflection plates to obtain 1 cm of spot deflection. 
It is called the deflection sensitivity and is expressed in volts/cm. The accelerated 
electron passes between the deflection plates and is deflected by.the voltage applied 
toit. We shall assume that during the flight of an electron, in-between the plates, 
the voltage on the plates does not change. In other words, the time taken by an 
electron to move. through the plates is very small compared to the time period of 
the a.c signal applied to the plates and therefore the voltage appears to be con- 
stant to that electron. The deflection, sensitivity depends upon the accelerating 
potential, the length and separation ої the plates and the length of the tube. 


An electron moving in an electric field is accelerated by it. The acceleration 
‘a’ in any direction say x is given as 


e onis : 

ae ag licec ndis ча (8.5.1) 
'eharge of the electron 

m. = mass of the electron 


„ == Electric fields intensity in the 2 direction, 
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The velocity v acquired by an electron, starting with zero initial velocity, is 
given as 


Wae 
yo у E (3.5.2) 


where V, = accelerating potential. 

Let us now assume that an electron having a velocity Up, enters a set of para- 
llel plates of length J and distance of separation d as shown in Fig. 3.54(b). A 
voltage Va is applied to the deflection plates. This will produce an electric field 
perpendicular to the motion of the electron. The electron will deflect by an 
amount y as shown. We can calculate y as follows. Since, the acceleration 
from eq. (3.5.1) is 


е 
ау = qom " ey 
the velocity v, is 
vy = =% ey. t (8.5.3) 
and displacement y is 31 
e "n $ ] 
Ue мыт qid €y > (3.5.4) 


2 
The initial position is assumed to be at the origin. Now? = therefore 


ox 
e 2? 
eon v COE. : 3.5.5 
е т и, pn 
which shows that the path isa parabola. The slope of the parabola at т = l will be 
BE ue uet cho e aeq (3.5.5) 
dx m Vor 


This also is the slope of the line OQ which is а tangent to the parabola at s= 1.- 


The point *O' and, the distance OX in Fig. 3.54(b) is therefore, 


y 
OX = — 
tan 0 


(3.5.7) 
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Hence the point ‘O’ is at the centre of the deflecting plates. The deflection D 
is thus 
D — L. tan 0 


be р-1(=—). ra 2d 


Substituting for v,, = v, 
From eq. (3.5.2), we obtain 


L.l 


D= BV, ey 


(3.5.8) 


The electric field intensity €, can be written simply as 


Va 
e, m —- 


d 
Hence from eq. (3.5.8), we obtain 


L.l. Va 
D= 
2y4.d 


(3.5.9) 


The eq. (3.5.9) gives the deflection on the screen produced by a voltage Va applied 
to the plates of length Г and distance of separation d. The electrons have an acce- 
lerating potential of Va. The deflection sensitivity is expressed as volts/cm and 
hence 


ieee 
ОЕ; 


D (3.5.10) 


Eq. (3.5.10) gives the voltage Va required to produce a deflection of D cm, where 
d, L, l are expressed in cms. Thus Sq the sensitivity for one cm deflection is 


d 1 
Sa = V, ( ~~) -y velisiem (3.5.11 


Sensitivity values of 25 volts/em are quite common. Sometimes sensitivity is also 
expressed as em/volt. Either way, a higher accelerating potential will mean that 
a larger deflecting voltage will be necessary for the same deflection D as seen in 
eq. (3.5.10). To keep Sg low, “2 may be decreased and ‘J’ increased. However 
with d small the electron beam will hit the plates for larger deflection as shown 
in Fig. 3.54(b). Similarly, the time the electron spends in-between the plates in- 
creases if / is increased and the assumption that Vz is constant is no more valid. 


The values of L, /, d, D and V, are thus a matter of compromise in a particular 
CRT. 
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3.5.5. OSCILLOSCOPE 


Oscilloscope is an extremely versatile and useful measuring equipment. It 
can measure frequency, time, phase, voltage, current etc and display waveforms 
for detailed analysis. Lissajous pattern demonstrated in Fig. 3.55(b) can be used 
to measure frequency. Here the unknown frequency is connected to the Y-plates 
and a known frequency is connected to the X-plates. By observing the pattern 
we can find the unknown frequency f, as 


f, - unknown signal frequency on the Y plates 
T. 

ft = xm fi (3.5.42) 
y 


Where Ty = the number of loops which touch the horizontal tangent line 
T, = the number of loops which touch the vertical tangent line 
fs = known frequency on the X plates. 


"Though this method is straight forward, it is rather combersome to use. Modern 
general purpose oscilloscopes have very accurate sweep signals. The time' of sweep 
T, in Fig. 3.55(a) is accurately known. Hence the position of the spot on the x 
axis is accurately known in time. Time lapsed therefore, can be measured fairly 
accurately on the screen. Frequency can be measured as an inverse of ‘time’. 
The vertical deflection can be also he calibrated accurately and hence amplitudes 
of signals can also be measured. Lissanjous pattern can also be used to measure 
phase. | 

The deflection sensitivity of the scope is so poor that the input signals have 
to be amplified considerably before they can be applied to the. deflection plates. 
Block diagram of an oscilloscope is shown in Fig. 3.56. The horizontal and ver- 
tical amplifiers thus increase the level of the signals applied to the plates. It has 
the cathode connected to—1600 V supply and the anodes 1 and 3 are at a positive 
potential of say--150 V. The voltage at anode A,, is the ‘focus’ control and can 
be varied over -120 V to -850 V. The anode voltage with respect to cathode is 
between 350 V to 750 V. The graphite coating inside the envelope is kept at the 
ground potential. Synchronization circuits are essential in order to adjust the 
sweep frequency to be an integral multiple or submultiple of the input signal, Then 
only the waveform displayed on the screen will be stationary. 


There are many more features in modern oscilloscopes to make them more 
accurate and easy to operate. Digital oscilloscopes have even à “memory’’ where 
the signal is stored and can be viewed at will. i ; 


3.6 Gas Tubes 

If an inert gas at a low pressure is introduced into a vacuum diode, its cha- 
racteristic changes considerably. Such tubes are known as gas tubes and have many 
engineering applications in rectifiers, power control and voltage regulation, Mer- 
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cury vapour, Helium, Neon, Argon, Krypton and Xenon are the inert gases used 


in these gas tubes. The gas tubes are basically of two types —hot cathode and cold 
cathode —depending on whether the cathode is heated or not. 
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3,56 Block diagram of a osilloscope 


When a voltage is applied. across two electrodes kept some distance apar 
in a gas, a volt-ampere characteristic shown in Fig. 3.57 is obtained. | Due to th 
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presence of cosmic rays and radiation from radioactive substances, a few ions are 
always present in the gas. When a voltage is applied across the electrodes, the 
positive ions are attracted to the negative electrode and the negative ions or the 
electrons to the positive electrode. ‘This gives rise to a current which increases 
with the increase in the voltage, as shown by the OA region of Fig. 3.57, The 
current levels off beyond a certain voltage when the positive ions are drawn to the 
electrodes as fast as they are generated by the ionization process. When the vol- 
tage is increased beyond Vp, the electrons acquire sufficient energy and collide with 
the gas molecules. The gas molecules are excited and get ionized liberating more 
electrons. Resultant positive ions and the electrons give rise to an increase in the 
current—the region BC in the figure. This region is known as the ‘Townsend dis- 
charge region. When the voltage is sufficiently high to result in a self-maintaining 
gas discharge, the gas is said to be in ‘breakdown’. When the discharge produces 
a soft luminousity in the gas, has low current density and has a voltage drop of the 
order of the minimum breakdown voltage of the gas itis said to be a glow discharge. 
The neon signs and voltage-regulator tubes are examples of glow discharge. 


3.6.1 Hor CATHODE Gas DrobE 

Mot cathode gas diodes have oxide-coated cathodes which are heated by 
filaments. An inert gas is introduced in the tube. The voltage, current charac- 
teristic of the tube is shown in Fig. 3.58. Until the breakdown voltage is reached, 
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the current is too small to be shown in the figure here. When the gas breakdown 
occurs the increase in curent is unlimitted. An external resistance only can 
limit the current. At this current the voltage across the tube drops to the ioniza- 
tion potential of the gas used. The ionization energies of various gases is given in 
Table 3.64. The voltage drop across the tube is of tho order of 10 to 20 volts and 
is practically constant over a large range of currents. The power loss in such tubes 
is quite small and therefore they are used in high power rectifiers instead of the 


vacuum diodes. 
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Table 3.6.1 Ionization Energy of Gases 


Y 


Gas lonization energy (eV) discharge colour 
Neon 21.5 Orange 
Argon 15,7 Blue 
Xenon | 12.1 Blue 
Mercury 10.4 Blue Green 
Sodium etia Yellow 


The positive ions which go towards the cathode may damage them by sput- ` 
tering. Therefore the potential has to be kept sufficiently low (below 24 volts) 
so that their energy is not high enough to cause cathode sputtering. The cathode 
should be allowed to reach the desired temperature before the anode voltage is 
applied. At low temperatures, there will not be enough electrons and full ioni- 
zation of the gas may not take place. Under such conditions, the tube drop would 
be higher. If the anode voltage is applied now, the positive ion bombardment 
may destroy the cathode. "Therefore, the anode potential should be applied only 
after the cathode is sufficiently warmed up. 


3.6.2 CoLD CATHODE DIODE (VOLTAGE-REGULATOR TUBE) 

Cold cathode diodes have cathodes which are not heated. They have inert 
gas at low pressures and work on the principles of glow discharge. As the voltage 
on the anode is increased, the gas breaks down. Since there is no supply of 
electrons from the cathode, as in hot cathode tubes, the gas discharge has to be self 
maintaining and the voltage drop across the tube does not drop down very much 
after breakdown. The positive ions bombard the cathode and produce some 
secondary electrons. The constant voltage property of the tube whose symbol 
is shown in Fig. 3.59 makes then useful in getting fixed reference voltages. They 
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are therefore known as voltage regulator tubes. The voltage drop is of the order 
of 75 volts. They are used to regulate voltage in the same manner as Zener diodes. 
Such cold cathode tubes are also used as pilot lamps and other indicating and 
night lamps. 


Example 3.6.1 


A cold cathode gas tube is capable of maintaining a discharge where the 
voltage across the diode remains constant while current varies over considerable 
limits. It is also used as a reference voltage. The circuit diagram in Fig. E. 3.6.1 
shows the arrangement of a cold cathode gas diode used for voltage stabilisation 
and reference.: Tube characteristics are normally such that the current ranges 
from Imin to Imax: The diode is used to provide a stable voltage V of 50V. The 
resistance R is chosen such that if load resistance R, is infinite (open circuited) 
the tube current 74 is limited to Imaz- 


Vein 
Since the total current J =. E is fixed the diode current is reduced as the 


load draws. current. 

That is J, = 1—14 

when Га = Т» Ipisequal to maz — Tmin) because I = Imaz 28 taken above. 
Thus the load voltage V, remaining constant, the load curent can vary from 0 to 
(лак —Imin). For example, if the input voltage Vs = 210V and the desired output 
load voltage is 150V, then we choose a VR tube with a voltage rating of 150 V. 
These tubes normally have L,/, = 5 ША and Ima, = 30 mA. The value of R 


would be 2KQ.. The load current сап vary from 0 to 25 mA. 

The circuit also gives a stable voltage V, across a fixed load R, for an appre- 
ciable range of variation of supply voltage vs. For example if Г, = 10 mA; the 
current 7 can vary from 15 to 40 mA since 74 varies from 5 to30mA. The input 
voltage v, may vary from 180 V to 250 V and the output is still maintained at 
150 V. 
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3.6.3 THYRATRON 


A thyratron is a hot cathode gas triode whose symbol is shown in 
Fig. 3.59(b). The presence of the gas in the triode makes it unsuitable as a grid 
controlled amplifier, Rather, it makes it useful as a grid controlled rectifier like 
an SCR. Unlike vacuum triodes the grid in the thyratron completely encloses the 
anode and the cathode as shown in Fig. 3.60(a), When the grid is made very 
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3.60 Thyratron 


negative, the electrons from the cathode are repelled back and are unable to pass 
through the grid. As the grid is made less negative, some electrons are able to 
cross the grid and get accelerated by the positive anode. These electrons collide 
with the gas molecules and ionize them. The positive ions neutralize the negative 
field near the grid and thus help even more electrons to pass through it. The 
process continues and an arc discharge is set between the cathode and the anode. 
The current through the tube increases sharply and the voltage drop across it is 
considerably reduced. The thyratron is said to have fired. This firing takes place 
at a critical grid voltage which is different for different anode voltages. The con- 
trol grid characteristic is shown in Fig. 3.60(b). Once the tube fires, the grid 
loses its control because a sheath of positive ions is formed around the grid after 
the ionization. The tube can be switched off only by removing the anode voltage. 
Due to this positive sheath around the grid, a grid current flows and-has to be limi- 
ted by an external resistancein the grid circuit. The current in the anode circuit 
would flow only when the anode is positive with respect to the cathode. | There- 
iore, the thyratron can be used to produce controlled rectification like an SCR. 
The angle over which the conduction takes place can be changed from 0 to 180° 
by controlling the angle at which the tube is fired as shown in Fig. 3.61. 


Review Questions 


k 
3.4 What is the unit and value of Pi at T = 300 K? 
q 
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3.2 How does the current vary with voltage in a semiconductor diode ? 
Illustrate. 
3.3 What is the significance of minority carriers in Semiconductor diodes ? 


Trigger 


Усс 


3.61 Controlled rectification using thyratron 


3.4 What happens if the reverse voltage across the diode is increased ? 

3.5 Enumerate the characteristics of an ideal rectifier diode. 

3.66 What is a half wave rectifier ? 

3 Sketch the current waveform in a practical half-wave rectifier. 

3.8 Sketch the waveforms across the diode and the load in a half-wave rectifier. 

3.9 How is diode used to charge a battery? 

3.10 How is the voltage waveform across the load modified by connecting a 
capacitor across it in half-wave rectifier ? ed NH 

3.11 In а clamper circuit, sketch the waveforms across the diode and the capacitor. 

342 Describe a limiter. 

3.13 How does Schottky diode work ? What is its advantage ? 
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Differentiate between Zener and ‘avalanche breakdowns. 

How does Zener diode regulate the voltage ? 

How does the conduction band move when a forward bias is applied across 
a junction ? 

What is tunnelling in a semiconductor device ? 

Why does Tunnel diode work well at high frequencies ? 

Which capacitance is made use of in a varactor diode ? 

How would you make the display of your calculator using LED ? 

What is a photodiode ? 

How would you couple two systems while isolating them both electrically 
and mechanically ? 

How can solar energy be converted to electrical energy ? 

Explain the current flow in the BIT. What is œ? 

What is the reverse saturation current /,, in a transistor ? 

How does “Transfer Resistor” take place across the junction in a transistor ? 
Explain the load line and its usefulness in the explanation of the operating 
point. 

Explain the difference between x and f of a transistor. 

How is a signal amplified by a transistor ? 

What are the important ratings of a transistor ? 

What is the nature of maximum ‘power dissipation curve’ 

What is thermal runaway ? 


Why does the collector current remain practically constant even when the 
collector-emitter voltage is changed over a large range ina BJT? 

How does FET work? What is pinch-off ? 

Why is the input resistance of JFET high ? 

What is insulated gate FET ? 

Differentiate between the enhancement and the depletion modes of 
working in FET. 

What is Enhancement MOSFET ? 

Explain the working of the UJT. 

How does four layer diode function ? 

How do you achieve controlled rectification using SCR ? 

How are electrons emitted from cathodes ? 

Differentiate between the space charge and the temperature limit of a 
vacuum diode, 


Why are the pentode characteristics different from the triode ? 

Explain the function of the accelerating potential in a CRT. 

How is frequency of a signal measured using CRO ? 

Where are cold cathode gas tubes used ? 

Why does the grid lose control of operation after firing in a thyratron ? 
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Problems 

P.3.1 А 6V lead acid battery shown in Fig. E 3.1.1 has to he changed using 
an a.c. supply of 10 sin 314 ¢ volts. The limiting current of the diode is 
2A. The r,is estimated as 0.5 ohms. The required charging current is 
to be 1 amp. : 

(i) What should be the PIV of the diode? 

(ii) What must be the value of R? 

(ii) How will you know that the battery is charged ? 


P.32 In the half wave rectifier of Fig. P 3.1, the input supply is 230 V, 50 Hz. 
(i) What is the peak value of the voltage at A? 

(ii) What is the d.c. voltage at A under no load conditions ? 

(iii) How much will the capacitor discharge when the load resistor is 1000 ohms. 

(iv) Sketch the waveform at A. 


P.33 Four circuits using diode, capacitor and a battery are shown in Fig. P 3.2. 
If the input signal is v,= 2 sin wt and the battery voltage is 3 V, then 
sketch the output wave forms of all the circuits. ` Which of the combina- 
tions will work as a clamper ? j 


Vs ge 10K % у 10K 
3V : 
= Ve 
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v j ок % 
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) 


3 
(с 


P. 3.2 (а), (b), (с), (d), 
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P.3.4 Two limiter circuits are shown in Fig. P 3.3. Given that о; = 10 sin wt 
(i) Sketch the output waveform v, 
(ii) Sketch the waveforms if the diodes are reversed. 


R R 
Vo Vo 


atu (b) 
Р. 3,3 
P.3.5 Itis required to obtain a constant voltage of 12 V with a current variation 
of 0-20mA. Select a suitable Zener voltage rogulator circuit and specify 
the values of the components used. What is the requirement of the d.c. 
voltage at the-input of the circuit in your case? 
A regulated voltage of —6V with a current variation of 0-10 mA is required. 
Suggest a suitable Zener regulator circuit and calculate the values of the 
components used-including the d.c. input required. 
P.3.7 Seven clipper circuits are shown in Fig. P 3.4. 
Sin ot. Draw the output waveform in each case 


P. 3.6 


The input is vg = 5 
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10 sinwt 


(g) 
P, 3.4 


P.38 In an LED, the material used is GaAs P with an £j = 1.9eV. What will 
be the wavelength of the emitted light? Give an approximate idea of the 
current that this LED will draw in the forward direction. 

P.3.9 In a photodiode, what is the order of the reverse current flowing in the 
diode. A photodiode is to operate wilh a power supply of -+ 30 V. 
Suggest a suitable biasing circuit. What is an optical coupler and where 
can it be used ? ў 

>. 3.40 (i) What is the value of-a it p = 200 (ii) What is the value of p if « is 
0.995. 

> 344 In a transistor, it is desired to sel an operating point of Veg == б V and 
Io =2mA. It is given that p.80. and Vgg = Исо = 12V. Caleu- 
late the values of Rc and Hg. What is the power dissipation in the tran- 
sistor? For the same Voc and Re if the value of Rp is reduced to 2/3 rd 
its previous value, find the new operating point. ў 4 

P.349 In.a transistor amplifier Voc = 15 volts and f == 150 with Rg == 5KQ. 
Draw the load line on the Vcg — Гс. diagram and find the value of Ig for 
a Vog mV. T 

‚3143 In a JFET the pinch-off voltage Vp = —AV and {pgs = 8mA, Find 

the gate source voltage to obtain a drain current Ip of 2 mA. 

P. 344. In a JEET, it is given that Ipg, = 12.5 mA. Caleulate the values of the 
pinch-off voltage Vp for (i) Ves = —2 V, Ip — 5А; (ii) Ves = 73V; 
Ip = 20 mÀ; 

P. 3.15 It is known that the plate current in a vacuum triode is 5 mA. for a grid 
voltage of—7 V, a plate voltage of 170 V and an amplification. factor p 
of 45. Find the plate current if the grid voltage changes to —5.V.. The 
plate voltage and p remain constant. 

".346 Find the deflection sensitivity in terms of volts/em of a CRT whose length 
L == 30cm, the length of the plates is 1 cm and the distance of separation 
is 0.5 em. The accelerating potential is 1500 V. 
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Technology of Devices 


4.0 Introduction 


In this chapter we shall discuss the fabrication of the semiconductor devices. 
‘The physical basis and the electrical characteristics of the electronic devices have 
been discussed in the preceding chapters. In fact the physics of the devices which 
led to their invention was known much earlier. The invention of the semi- 
conductor devices had to wait the development and advancement of the relevant 
technology. In the past 3 decades of development of these devices not many 
new theories have been proposed but new devices with more stable characteristics 
have been. made. The most remarkable progress in the field of electronics has 
heen made in microminiaturization primarily due to the advancement in technology. 
Thus, it is important for us to discuss and describe the basic technology behind 
these devices. This will also enable us to appreciate and understand the integrated 
circuits, large scale integration and very large scale integration (VLSI) of electronic 
systems. The technology of vacuum tubes has not been discussed. here. 


4.1 Preparation of semiconductors 


We have defined semiconductors as those materials which have covalent 
bonds and have a stable structure at absolute zero temperature with no electrons 
in the conduction band. But at room temperature some of the covalent bonds 
break and electrons in the conduction band and holes in the valence band are 
‘available for conduction. The impurities of the semiconductors greatly affect 
their properties. Thus, it is essential to start with a semiconductor in pure 
crystalline form and add impurities in a controlled manner to get the desired n 
or p type of semiconductor, The semiconductors of interest are Ge, Si and GaAs. 
Though Ge is rarely available in nature, it was quite easy to purify and prepare 
it in the early days of semiconductor technology. Thus, first few years of the 
semiconductor device development saw the use of Ge. Later, as the technology 
for purifying silicon improved, it became the desirable semiconductor for most of 
ihe devices. Once the difficulties of purifying silicon have been overcome, it has 
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many advantages over бе. Silicon is available plentifully everywhere on the earth 
in the form of Silica or quartz. Also, since the band gap of silicon is more than 
germanium, the transistors and other devices will have smaller reverse current and 
will have better characteristics at temperatures upto 200°C.: Further, with 
silicon it is possible to have SiO, which serves аз a very good insulating surface 
in fabricating devices. In fact the planar technology which is very important 
to-day is based on silicon. We have seen earlier that some devices like SCR can 
not even be made with Ge. The GaAs has many useful properties and is finding 
greater applications in semiconductor devices day by day, particularly at microwaves 
frequencies. Because of the complex technology involved in GaAs devices, we 
do not discuss them here. We shall confine our attention to Si and Ge 
only. i 


4.1.1 QERMANIUM PREPARATION 


Germanium occurs in zinc ores, flue dust and germanite ore. The percentage 
of germanium in these ores is very small. The germanite ore has many impurities 
such as copper, iron and zinc. Germanium dioxide is obtained from the 
germanium ore hy chemical treatment. The germanium dioxide is reduced by 
heating it in a pure graphite boat in presence of pure hydrogen. This results in 
poly-crystalline ingots of germanium. i 


Further specialized purification of germanium is essential in order to obtain 
electronic grade crystals. Single crystals are grown. Purification of germanium 
is done either by. directional crystallization or zone melting. In directional 
crystallization the germanium is melted and withdrawn from the heated zone 
slowly. The withdrawn portion starts to solidify gradually. It is known that the 
impurities try to concentrate in the liquid phase and, thus, as the melted germanium 
gradually solidifies, the liquid portion collects all the impurities. Finally, towards 
the end all the impurities are concentrated at one side where germanium has not 
yet solidified, After solidification, this end containing the impurities is removed. 
In the zone melting and refining technique, germanium ingot is taken in the form 
of a bar and is placed in an induction heating coil which would heat and melt the 
bar over a zone. The bar is pulled through the coil and, thus, some portion of it 
solidifies earlier than the other. The portion which solidifies later has more 
impurities as explained earlier. The whole bar is passed through the induction 
coil five to ten times. The last portion of the bar is cut-off. 

Single crystal of germanium is grown by taking a seed crystal, dipping it 
into the purified molten germanium and ‘pulling it out gradually while rotating it 
simultaneously. The n or p type of semiconductor crystal can be obtained by 
adding appropriate type of impurity to the molten germanium. Itis very important 
to control the rate of crystal growth. Slices and pellets used in making devices 
are cut from the single crystal ingot by a diamond saw. These slices are lapped 
and polished to: get plane, parallel and smooth surface: ‘They are then etched 
chemically to remove any contaminants and oxides from the surface. 
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4.1.2 SILICON PREPARATION " 

Since molten silicon has high chemical reactivity its purification is rather 

more difficult. Silicon is obtained from the silicon dioxide which reacts with 

carbon at high temperatures to result in silicon and carbon monoxide. This 

commercial grade silicon is purified by chemical processes. It is treated with 

mixtures of hydrofluoric, sulphuric and hydrochloric acids. Further purification 

is done by treating it with dry HCL at a temperature of 300°C. The resultant 

product is trichlorosilane which is purified by distillation. This product is then 

reduced with hydrogen to give silicon. After chemical purification of silicon 

described above, it is subjected to metallurgical refining and crystal drawing. 

Like germanium silicon also is melted іп: quartz containers in vacuum. The 

vacuum helps in removing volatile impurities. However, the molten silicon reacts 

with the quartz container and dissolves some impurities like Boron from the quartz. 
Repeated melting aud pulling retines and gives single crystals of silicon. 

Another technique, known as floating zone refining, whore no container is 

used, has been developed for purification of silicon. Im this 

go. . technique, the silicon ingot is fixed between two rod ter- 

Terminal ^ münals as shown in Fig. 4.1. The whole thing is kept 

E inside a working chamber. A small portion of the 

Silicon Ingot ingot is heated and melted by induction heating. When 

silicon melts the upper rod is pressed to compress the 

Molten 200? — olten zone. The upper and the lower portions are rotated in 

opposite direction for good agitation and uniform distribution 

of impurities. The molten zone is moved up and down 

relative to the induction coil. This technique gives electronic 

Veg grade of silicon. Slices or pellets aie cut from the ingot and 

are lapped, polished and etched like germaniuni. Proper 

Fig 4.1 Floating Zone {урь of impurities are added in the melt when single crystals 

Ебра are drawn to give p-type or n-type semiconductors. 


4.2 PN junctions formation i 

After the single crystals with electronic grade purity have been grown, the 
fabrication of a semiconductor device primarily consists of making PN junctions. 
Many techniques have been developed to grow junctions. Each of these techniques 
is quite elaborate and has some plus points in comparison to the other techniques. 
The device characteristics depend upon (1) the semiconductor material (2) the 
doping, that is, addition of external impurities and. (3) size, shape and geometry. 
Therefore, these processes are Critical and require a strict control. Junction 
growing being a metallurgical process requires a precise control of time and 
temperature. During and after the fabrication of a device various measurements 
have to be made to ascertain that the desired characteristic have been achieved. 
All these datails are beyond the scope of this book. We shal! only briefly describe 
a few important techniques of device fabrication. 
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There are three popular methods of making junction diodes viz. (1) grown 
junction (2) alloyed junction and (3) diffused junction. The grown-junction diode 
is made while pulling the crystal from the metal. By adding a particular type of 
impurity, cay Indium, to the melt, we get p-type crystal, After a desired length 
of the p-type crystal is obtained we add donor impurity, say Arsenic, to the melt 
in sufficient quantity to neutralize the acceptor impurity and give n-type crystal. 
After a desired length of the n-tpye crystal is grown, it may be cut to give a grown 
pn junction as shown in Fig. 4.2. In fact, the process of adding p and n-type 
impurities may be alternated and a large number 
of junctions grown. They are cut into separate 
pn junctions. Metallic contacts are deposited on Gg, 
them and they are encapsulated after bringing 
out leads to result in diodes. The grown 
junction technique was used to make the first junctions but is not used now 
because the various parameters cannot be controlled here precisely. 


Fig. 4.2 Grown junction 


The alloyed junctions are easy to make. An n-type silicon wafer (slice) . 
of say 1 €m diameter and 0.4 mm thickness after lapping, polishing and etching 
is taken. A dot of aluminium: of say 0'3 mm thickness is pressed on the wafer 
and the whole combination is heated to about 580°C, The aluminium would 
melt into silicon to give an alloy. Silicon re-crystallizes on cooling. The recrystal- 
lized silicon volume is p-type because aluminium acts as an acceptor impurity. 
Thus a pn junction is formed. - In the alloyed junctions, the impurity concentra: 
tion changes abruptly from п to p-type, the junctiongds in fact very narrow. In 
a grown junction the transition is gradual. Indium is used» as acceptor when 
n-type germanium wafer is used. An alloyed junction is shown in Fig. 4.3. 

Fabrication of devices by the technique . 
of diffusion has become very popular because MAR 
precise control, can be exercised over various 
parameters. ip the manufacturing process. 
In this technique, a slab of semiconductor n Silicon 
doped with a particular type of impurity is 
heated to a high termperature in the presence 
of an impurity. of opposite type іп 
gaseous form. The atoms of the impurity 
in the gaseous form migrate into the- slab. Fig. 4.3 Alloyed junction 
For example, a p-type silicon slab may mon ' 
be exposed to, вау, phosphorous in the gaseous form. The heating is done in 
the presence of an inert gas upto temperatures ranging from about 200 С below 
the melting point of silicon to the melting point. Phosphorous diffuses into the 
wafer and neutralizes the acceptor impurities and produces a layer of n-type of 


silicon. Thus alarge and uniform pn junction can be formed as shown in Fig. 14. 
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Fig. 4.4 Diffused junction 


P Silicon 


The impurity concentration is highest at the surface and decreases inwards. Many 
types of diffusion furnaces are available commercially for the purpose. 


4.3. Fabrication of Transistors 


A. large number of techniques of fabricating transistors are available. We 
shall, however, confine ourselves to only a few type of transistors such as alloy- 
junction, grown-junction and diffused-junction transistors. Even though the 
first transistor made was a point contact transistor it is not used now-a-days. Just 
as in diodes, the fabrication technique has a great influence on the transistor 
characteristics and therefore reguires a great deal of detailed understanding of the 
underlying process.. We shall again focus our attention only to the basics of the 
fabrication process. 


We recail that a transistor has a base region through which the minority. 
carriers are required to difiuse to the collector region without recombining in the 
base region. Recombination cannot be completely prevented but can be kept 
very small by making the base region (width) very small. All transistors thus 
are made with very sinall base widths such as 1 to 100 microns. Other dimensions 
of the active part of the transistor are also quite small, say about 309 microns. Such 
small dimensions create some problems. First is the difficulty of handling such 
a device both during and after manufacture. They have, therefore, to be supported 
by substrates of larger dimensions. Secondly the heat required to be dissipated 
in large power applications becomes large and the device has to have larger 
dimensions. Power transistors have collector junctions which are as large as 
5000 microns. Of course, in very large power devices, heat sinks are provided 
with the collectors to dissipate the excessive heat. 


The alloy junction transistor as shown in Fig. 4.5 is made by alloying two 
Indium pellets on two opposite sides of an n-type germanium wafer. Indium, 
an acceptor impurity, is dissolved into the germanium giving p-regions on both 
the sides. We thus get pnp structure. Collector, Emitter and Base contacts are 
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Fig. 4.5 Alloy junction transistor Fig. 4.6 Grown junction transistor 


made in the respective regions and terminals brought out to result in a pnp 
transistor. е 


The grown junction transistor, shown in Fig. 4.6, is fabricated during crystal 
growing. By adding suitable impurities to the melt two junctions are drawn close 
by to make a pnp or npn transistor. 

Diffusion technique of making transistors is becoming increasingly popular 
because it offers precise control on geometry and results in better transistor 
characteristics and improved performance. Different junctions are grown by the 
diffusion of impurities into a semiconductor wafer. <The diffusion technique has 
led to the development of a very powerful technique of making not only transistors 
but even Integrated Circuits. This technique known as Silicon Planar Technology 
is described in detail in the next section. 


4.4 Silicon planar technology 

Silicon has become a very popular semiconductor because (i) its temperature 
range extends upto 200°C due to its larger band gap, (ii) it is available in abundance 
in nature and (iii) silicon dioxide (Si0,) is a good insulator and can be used as 
mask in preparation of devices. Si0, can simply be deposited on silicon by 
heating. The use of mask prevents diffusion of impurities where we do not want 
them. Thus, wherever diffusion of impurities is required the selected region on 
the silicon chip is left unexposed. This provides a lot of flexibility and control 
in device fabrication. Let us see how an npr transistor is fabricated by this 
technology. 

A p-type silicon wafer is taken to act as a substrate, as shown in Fig. 4.7. 
A thin layer of n-type silicon. of required resistivity is epitaxially grown on the p 
silicon substrate. Epitaxial layer is grown by thermal decomposition of silicon 
bearing compounds such as Silane, Silicon tetrachloride and trichlorosilane. It 
is possible to provide single. crystal layers of uniform resistivity over the semi- 
conductor substrate. The, resistivity of the epitaxial layer can be chosen 
independently of the substrate, 
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Fig. 4.7 Steps of Silicon Planar Technology for making NPN Transistor 


^ film of photoresist is applied over the silicon dioxide layer formed over 
the epilaxial layer. The property of this photoresist is that it gets polymerised 
when exposed to ultraviolet light. Thus a mask is now prepared in which the 
portions which are not required to be doped are kept transparent and the portions 
where doping is required are made non-transparent to ultraviolet light. Usually 
the ра (еги is drawn on large scale and then reduced by photographic techniques. 
The mask is then placed over the-photoresist and the ultraviolet light is allowed to 
fall over it. The ultraviolet light polymerises the photoresist wherever there are 
openings in the mask. The non-transparent portions do not allow the ultraviolet. 
light to pass through and, therefore, the photoresist below these portions are 
unexposed, After the ultra violet exposure the mask is removed and the photo- 
resist [rom the unexposed portions is dissolved by developing the wafer like a 
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photographic film. The wafer 


is then fixed in a solution so that the exposed 


portions are not affected by further processing. We now have a wafer in some 
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Fig. 4.7 (Continued) Steps of 
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Silicon Planar Technology for making NPN transistor 


portions of which the oxide layer is directly available and in the rest of the 
portion it is covered by the polymerized, developed and fixed photoresist: 

By etching the chip in hydrofluoric acid the oxide layer from the unexposed 
portions is removed. This makes the n-type silicon surface available for doping 


110 BASIC ELECTRONICS 


with a p-type impurity. By diffusion technique, the p-type impurity is now 
diffused in the selected region. This makes the base region of thé transistor: 
The developed and fixed photoresist is now removed chemically from the other 
portions. We thus have a пр junction. The process of applying photoresist, 
masking, exposing, developing and fixing is known as photo-lithography. It is 
repeated in order to diffuse an n-type impurity into the p-region and thus giving 
rise to the npn transistor in the following way. — After the np junction is ready, 
SiO, is again deposited over the wafer and photoresist is applied. A mask is 
prepared with a non-transparent region in the centre which is smaller in size than 
the previous closed region. The ultraviolet exposure now polymerises the photo- 
resist everywhere except in the centre. The unexposed photoresist is dissolved and 
the wafer is developed and fixed. The SiO, is etched out to expose the p-region. 
An n-type impurity in the- desired concentration is now diffused in. 
The developed and fixed photo resist from the rest of the surface is removed. The 
collector, base and emitter contacts are made and we have the npn transistor 
made by the silicon’ planar technology. 


Except for the metallic contact regions, tho rest-of the surface is again covered 
with SiO, because it is a good insulator and protects the device from external 
hazards. In fact, due to the oxide layer over the junction the surface currants 
are reduced considerably. These surface leakage currents add to the reverse 
saturation current in diodes and transistors and thus adversely affect the device 
characteristics Тһе junctions appear on the plane of the wafer and hence the 
name planar technology. We see that both diodes and transistors:can be made 
using these techniques. We also know that the reverse biased pn junction can be 
used as a capacitor. Thus a capacitor is made using this technique by actually 
making a diode. The semiconductor material has resistance and, therefore, by 
choosing proper width and length of the semiconductor path, we get resistors of 
desired values. As we can now realize the MOS devices are easier to make than 
the BJT devices using the planar technology because they require only a deposition 
of SiO, layer and a metallic gate, 

4.5 Integrated circuits 


It is clear that the active area and volume of а transistor are really very 
small. It would-be advantageous if a large number of them are made on a single 
silicon chip. There is obviously no difficulty of accommodating a large number 
on a single wafer. This has led to the monolithic circuit concept where many 
circuits are made on a single chip. The silicon planar technology as discussed in 
the previous section makes this concept a reality. In fact, by proper masking 
many devices can be made simultaneously. The diodes, capacitance and resistances 
can also be made by this technique. Thus complex electronic circuits having 

transistors, diodes, capacitors and resistors are made on a single chip known as 
- the Integrated Circuit. Two transistors are Shown in Fig. 4.8 in the same substrato. 
The active and passive components in the Integrated Circuit are connected within 
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Fig. 4.8 Two transistors on the same substrate with junction type isolation 


the chip. A large silicon IC has a dimension of the order of 10 mm whereas the 
silicon wafer is of dimension 10 cm. So the same IC can be made repeatedly 
on the same wafer. Also many wafers can be processed simultaneously to produce 
a large number of IC's and a much larger number of equivalent devices. Since 
the masks are used again, the process is repeatable. Because of the interconnections 
inside, the reliability and performance of such circuits are much better than the 
discrete devices and circuits. The size and the weight also get reduced considerably 
which is a prime requirement in all fields of applications. In the size of single 
discrete transistor we now have а complete circuit assembly. 

In ICs the collector terminal is brought ‘out at the top because the collector 
is completely covered by the substrate. An isolation as shown in Fig. 4.8 between 
the collector and the substrate is provided by reverse biasing the pn junction 
between the substrate and the collector. This technique is also used to provide 
isolation between devices in the same chip. Dielectric isolation by SiO, is also 
sometimes provided between devices. 

_ By the planar technology both linear and Digital IC's using BJT or MOSFET 
and passive components such as diffused resistors and capacitors are being made. 
There are other ICs other than the monolithic silicon ones. They are the thin 
film and the hybrid ICs. Thin film ICs have an insulating substrate such as glass, 
ceramic or sapphire over which MOSFETs and thin film resistors and MOS 
capacitors are fabricated. Hybrid ICs have active devices fabricated on Silicon 
and the passive components and interconnections are on thin/thick film. Some- 
times discrete devices are also connected to hybrid circuits. 

The microminiaturization in electronics is progressing with no apparent 
end. The monolithic ICs had to start with about 3000 components on 1 em? 
silicon wafer. We now, have, with improvement in technology, large scale 
Integration (1.51) and very large scale Integration (VLSI). A VLSI chip has more 
than 100000 components in an area of 1 em” 


Review Questions 
41 What are the advantages of using silicon over germanium in semiconductor 


devices ? 
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What are the differences in the preparation of silicon and germanium ? 
Describe briefly three (оиы of fabrication of ^g junctions and compare 
them. 

Explain what you жег ny Silic on Phil "Technology. Why is there 
nothing like Germanium Planar Technology ? 

Enlist the steps, with illustrations, involved in making a silicon npn transistor 
by planar technology. 

Explain how are IC's fabricated. 

Explain ‘Etching’ ‘Photoresist’ and ‘Substrate’. 


Terminal Characteristics of Electronic Circuits 


5.0 Introduction 


; An electric circuit is an interconnection of various circuit elements such as 
resistances, capacitances, inductances and transformers and electrical sources such 
as voltage and current in such a manner that each element or source is in one or 
more closed paths for the currents.to flow. In electronic circuits, electronic devices 
such as tubes and transistors are all connected as circuit elements. Electric cir- 
cuits are analysed, that is the voltage across an element and the current through 
it are found by circuit laws such as the Ohm’s law and the Kirchofi's voltage and 
current laws. Application of these laws to circuits have led to the two standard 
techniques known as Nodal and Mesh methods for finding voltages and currents 
in circuits. The same techniques will he applicable to the analysis of electronic 
circuits also, provided we are able to represent thé electronic devices in terms 
of the conventional elements like voltage and current sources, resistances, capa- 
citancés etc. in an equivalent way. By equivalence, we mean that the voltage- 
current characterstic across a pair of terminals of the electronic device would 
he maintained in the equivalent representation. Most ofthe conventional circuit 
elements have linear voltage current relationship in the useful range of operation. 
The electronic devices, however, do not have such a linear relation as apparent 
from their characteristics described in the previous chapters. Nevertheless, over 
smallregions of voltage and current the characteristics are approximated by linear 
relationships. It should be emphasized here that the non-linear characteristics 
of devices is not a drawback. In fact their overall non-linearity is more useful. 
For example, the diode is able to rectify because its characteristic is not uniformly 
linear throughout the range, that, is both in the first and the third quadrants. 


The electronic devices have characteristics which can be linearized piecewise 
and they can be operated over the desired. range of linearity-or non-linearity by 
biasing them properly, Jn this chapter our aim is to define some important 
parameters of the devices so that their equivalent circuits can be drawn. Once 
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we are able to do this satisfactorily we can consider the electronic device and other 
circuit elements to be enclosed in a box with some terminals available outside. 
We are then concerned about the behaviour of the circuit at these terminals only. 
We talk of cause and effect or input and output in terms of the voltage and the 
current when one of the two is taken as the cause and the other as the effect. M ost 
of the circuit elements have two terminals only and, in general, when they are inter- 
connected the circuits and systems will have four terminals (or two ports) —two 
for the input (one port) and two for the output (one port). We thus have four 
quantities, voltages and currents at both the рогіз, in terms of which the effect 
and cause or the output-input relationship is required io be determined, For 
the purposes of reference, one out of the four terminals may be made common and 
we thus get 3 terminal circuits. 


The relations existing betwee! output and input voltages, output and input 
currents, output voltage and input Current, output current and input voltage, out- 
put voltage and output-current or between input voltage and input current in a 3 
(or 4) terminal ог а 2 port-circuit is of interest to us. However complex a circuit 
may be, in most cases 2 ports appropriately chosen are enough to analyse the be- 
haviour of the circuit. We shall therefore confine our attention to 2 port circuits 
and find the various relationships as staled above. An understanding of the phy- 
sical principles, the electrical characteristics and the technology of the devices, 
as developed in the previous chapters, would be helpful in representing the device 
in the circuit form. | We shall study the whole circuit finally as a black box with 
only the input and the output terminals as the terminals of interest. 


In a two port electronic circuit or for that matter any other circuit, where we 
deal with the relations between the variables at the output and the input port we 
call the resulting relationship as the transfer parameter of the circuit or the device. 
Similarly, when the relations between' variables at the same port are under con- 
sideration we call them the input or the output driving point, parameters as the 
case may be. All of the three parameters viz, the input, output. and the transfer 
can have dimensions of impedance or admittance. The transfer parameters may, 
however, have dimensionless ratios also. When we talk of the terminal charac- 
teristics of the devices or the circuits, we mean the evaluation and study of these 
parameters. We also wish to study the frequency response of circuit because the 

ircuits and the systems are supposed to work over a wide range of frequencies. 
We therefore like to know the values of the various paramelers over the whole 
range of frequencies of interest. Frequency response obviously, therefore, indi- 
cates how a particular parameter responds to different input frequencies. We 
would also like to know the dynamic range ОЁ the circuit; ‘The dynamic range is 
the range of the signal amplitude or power level, either at the input or the output 
‘terminals, over which the’ circuit performs satisfactorily i.e., has desirable 
behaviour. 
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5.1. Driving point and transfer parameters 


An electronic device or a circuit is represented by a black box with 2 ports 
as shown in Fig. 5.1 


Electronic 

device 
or 

circuit 


Fig. 5.1 Black box representation of Electronic circuit. 


In terms of the terminal variables V,, J; and Vs, I, we now define various driving 
point and transfer parameters and discuss their significance. For the sake of con- 
venience and uniqueness, the parameters are defined under conditions of the 
ports being either short circuited or open circuited. Whenever current is the vari- 
able the respective terminals are shorted and the current is referred to as the short 
cirtuit current. Апу other termination, other than shorting would not be unique 
and, therefore, the parameter would change depending upon the termination. 
Similarly, whenever the variable under consideration is voltage, we keep the res- 
pective terrainals open and refer to it as the open circuit voltage. In some cases 
the parameters may also be defined for a given termination. : 


5.1.1 TRANSFER PARAMETERS 
In electronic circuits one of the most popular transfer parameter is the vol- 

tage gain G, defined as the ratio of the open-circuit output voltage V, to the open- 
circuit input. voltage V. і 
V, 


Voltage gain, 6; shes 
1 


(5.1.1) 


The voltage gain G, is of primary importance in all types of amplifiers. Another 
transfer parameter is the current gain G, defined as the ratio of the output short- 
circuit current J, to the input short-circuit current J, i 


Current gain б, = а, (5.4.2) 
Я ' i 


The current,gain parameter бү is üsed extensively in bipolar transistors because 
their basic operation depends upon current flow. Since in vacuum tubes and 
FETs there is no input current practically the current gain is not usually used as 
a parameter of any importance. It has been explained earlier that it is neither 
the voltage nor the current gain in isolation which makes an amplifier. All ampli- 
fiers must have power gains Gp, defined as the ratio of the output power P, to the 
input power P,, larger than unity. Input and output powers are usually measured 
across a resistance or a load. Then: the power gain is given by 
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p 
G i ER ] x: б ] 
^ PT EE load 
жеке; (5.4.3) 


` The product of the open-circuit voltage gain and the short circuit current gain of 
eq. (5.1.3) is not the real power gain. 


Now, either G, or G, may be less than unity in a particular amplifier but we 
get an amplification so long as the product is greater than unity. In common base 
amplifier for example, the current gain is less than unity but the, voltage gain is 
much more than unity and we gét overall power gain... [n common collector ampli- 
fier, the voltage gain is less than unity but current gain is much greater than unity 
and once again a power gain is achieved. In common emitter amplifiers both the 
voltage and the current gains are greater than unity and so the power gain is obvi- 
ously greater than unity. A signakis amplified only when its power and :hence 
energy is increased. We Should remember that amplification does not violate the 
law of the conservation of energy. If fact the amplifier converts d.c. energy into 
the signal energy. All amplifiers consisting of active devices require d.c. voltage 
and current for their operation. The d.c. voltage and the current are controlled 
by the input signal in such a manner that at the output of the amplifier the same 
signal appears with a larger energy taken from the D.C. supply. 


A word of caution is necessary here. . The power gain and the ability of an 
electronic circuit to give out large powers are two dilferent things. All electronic 
amplifiers have power gain greater than unity but all of them do nothave capability 
to give large power outputs. When the power output is small, we call the ampli- 
fier as voltage or current amplifier depending on which gain is larger and more 
useful in a particular situation. When the power output is large, we call the ampli- 
fier as a power amplifier. 


The three ratios G,,G,, and G, are dimensionless quantities and are usually 
expressed in dB (deci Bel) defined as 


162] ав = 10 log 6, 


Р, 
a 10 logio dps (5.1.4a) 
1 ; 


nd 


[G, or Gilas = 20 108, [ G, or G,] (5.1.45) 


The advantage of using this unit is that when many circuits are connected in tandem 
or cascade, without affecting each other, as shown in Fig. 5.2, then the overall 
gain G in dB is simply the sum of individual gains in dB. Thus 


G = Gi GGs 
or Gay =: Gia + Gras + баз 
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G; 62 63 ; : 
2: 


Fig 5.2 Саѕсайей circuits 


and multiplication is converted to addition. Also large gains can be expressed 
by small and manageable numbers if they are expressed in dB. Table 5.1 gives 
conversion of voltage, current and power gain from ratio to dB and. vice versa. 


Table 5.1 Gain Ratio and dB 


Voltage or Power Voltage or Voltage or: Power 


dB current gain gain curren: gain Current gain . gain 
Ratio Ratio Ratio . dB dB 
1 1.220 1.259 1 0 0 
2 1.259 1.585 2 6.021 3.010 
3 1.413 1.995 cA 9,542 477 
4 1.585 2.612 4 12.041 ^. 6021 
5 1.778 3.162- 5 13.979 6.990 
6 1.995 3.981 6 15.563 7.782. 
7 2.239 5.012 7 16.902 8451 
8 2.512 6.310 hig 18.062 ^. 9.031 
9 2.818 7.943 9 19.085 9,542 
10 3.162 10.00 10 20,000 10.000 
11 5.548 12.590 15 23.522 11.761 
12 3.981 15.850 20. 26.021 13.010 
13 4467 19.953 30 29.542 14.771 
14 5.012 25.119 40 32.041 16.021 
15 5.623 31.622 50 33.980 16,990 
16 6.310 39.811 60 ' 35.563 17.782 
17 7.080 50.119 70 36.902 18.451 
18 7.943 63.096 80 38.062 19.031 
19 8.913 79.433 90 39,085 19.542 
20 10,00 100.00 100 40.00. .. 20.00. 
30 31.62 1000.00 200 46.021 ` 23.010 
40 100.00 10* 500 53.980 26.990 
50 3162 105 1000 60,000 30.00 
60 1000.00 108 
70 3162.27 107 
80 10* 10° 
90 3.16 X 10% 109 
100 10° 1010 


Other transfer parameters are transfer impedances and transfer admittances 
defined as follows ; ; 


Transfer Impedance. G7 = Maloo. i (5.1.5) 
$ [I 1] S.C. E 
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I. : ` 
Transfer admittance бу = ate (5.4.6) 
о.с. 


"hese paramelers are quite important but less popular in use. 


So far we have taken the ratios of output variables to the input variables. 
The reason is that most of the electronic circuits are unilateral and the output quan- 
lilies are dependent on the input qantities which are themselves independent 
variables. These ratios are truely known as forward parameters and have mode- 
rale values. "The reverse parameters, that is, the ratios of the input to the out- 
put variables are also taken and these are quite small. They are in fact non-zero 
because of the non. ideality of the device, leakage currents and parasitic effects. 
"Thus reverse gains are 


V, 
[pius MEA! 5.4.7a 
„= 5]. dd 
h 
G =|= 5.1.7b 
di І, ра ; | 
The reverse impedance and admittance are 
e _ Шо. (5.1.8а) 
Г.с. 
; [hls.c. 
Gu gee (5.1.3) 
АЕТ 


5.1.2 DRIVING POINT PARAMETERS 
‘The most important driving point parameters are the input and the output 
impedance of the elecronie circuits. ‘They are defined as 


driving point input impedance, z;- 


and gou a -> (5.1.9) 
1 1 


driving point output impedance, zo 


1 
ne 5.1.10 
: (6.4.40) 
Whenever the parameters on one port are being calculated the other port has a 
specified termination. Usually, when the impedance at one port is considered the 
other port is open circuited, and when the admittance is considered the other port 
is skort circuited. Tt should be noted that 
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ГУЛ 5.0. == 


[Z rlo.c. 


1 
and үз, 
anc [Yo] s.c. £ (25105. 

We shall now discuss the significance of the input and output impedances 
of a circuit, The input impedance is the effective impedance the electronic circuit 
under consideration will offer at its input port to any source or circuit connected 
toit. Ifthe input impedance of the circuit is small then it may.draw current from 
the source or the circuit to which it is connected and affect its working. On the 

other hand, if the input impedance is high the circuit under consideration does not 
draw any significant amount of current at its input port. Consider the two circuits 
A and B shown in Fig. 5.3(a) being connected together. It will be important to 
know the amount of current the circuit B will take at its input port from the circuit 
A and whether A can deliver that current at its output port. 


Output Input 
Ao Bi 


(a) Inter connection of A and B 
Ag Bi 


^ Yos 
' - I, &Rise М 
Voa j 
Ao Bi Ata 


(b) Equivalent connection 


Fig. 5.3. Connection of two circuits 


The output impedance of a circuit is the effective impedance across the out- 
put terminals where some other circuit or load will be connected. The output 
impedance of the circuit A gives an idea of how much A will be affected by connect- 
ing the circuit B at its output as shown in Fig. 5.3(a). Тһе circuit A is represented 
at its output terminals 45-4, by an equivalent output impedance Roa and voltage 
source V,,. This can be done by applying Thevenin’s theorem to the left of ‘the 
terminals А040: The circuit В can be represented at its input port by an equiva- 
lent input resistance Rp. The current 7; through A}, and the voltage V; across 
it are given as t : 
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y 
Lolo ud (5.4.11) 
g А,а+Е, в 
y, HUP БУ (5.4.12) 
Roa RJ Rip 


Using eq. 5.1.11 we can calculate J, since V, 4, Rip and А, д are known. We should 
now ascertain that the circuit A is capable of giving out the current/,. The voltage 
Vz isnot equal to V, 4 as seen from eq. 5.1.42. Both 7; and V, depend on the out- 
put and input impedances R,, and Rp- If it is desired to have V, approximately 
equal to Ид then either 2,4 œ 0 or Rip > Bpa 


Example 5.1.1 


Two circuits A and B are connected together as shown in Ex. 5.1.1. The circuits 
inside the boxes are represented in 7 and 7 form, the most general equivalent repre- 


Ex. $.1.1 


sentation of any complicated network. Applying Thevenin's theorem to the 
left of terminal 45 —A, we have 
Rog = 1.0615 K Q 
‚ and И а (.985V 
Similarly А; 5 is found as 0.667 K. 
Hence 7,— 0.169 mA 
and V, — 0.113 volts. 
We this find that the current drawn from A changes as R, p changes and the ter- 
minal behaviour of A may change in this process. Similarly different output resis- 
tance R,4 would cause different voltages to be impressed on the circuit B and thus 
may affect the terminal behaviour of В. To evaluate this interaction, it is impor- 
tant to know the input and output impedances or resistances of the circuits. 
A source can. be represented in the form of an open circuit voltage Vo. a and 
‚a series resistance К, д. ‘The circuit of A above, for example, can be considered as 
an equivalent source. We call this a voltage source representation. We can 
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also represent it by a current source form that is by a current source I = 2 
, i oA 


in parallel with a resistance R,, as shown in Fig. 5.4. 


So far as the terminals А—А are 


A concerned, the two representations are 

Roa | exactly equivalent. For an ideal voltage 

2 a e Roa source, the output resistance R,4— O.. 
Мод WS Then the terminal voltage A—A does 

- x not drop when another. circuit in the 
vict dian ШКО form. of a load or a next stage is 


connected. For an ideal current source, 
Fig. 5.4 Voltage and current sources the output resistance ai 2. In 
such a situation the total source current 

goes to the load or the next stage without being shunted in the internal 
resistance Ж. We сап now define the ideal voltage source as one whose 
terminal voltage does not change when the current from it is changing. : ‘Similarly 
the ideal current source is one whose terminal current remains constant at all 


voltages. For example for a heavy duty lead-acid battery the internal resistance ` 


or the source resistance may be as small as 0.004 ohms. The output impedence 
of an amplifier should be as small as possible for it to act asa voltage source to 
deliver power to a load (say à loud speaker). Similarly the output impedance 
of the amplfier should be very large for it to act as a current Source. 


When an amplifier is required to deliver large power to a load then the 
questions of its efficiency of conversion from d.c. to a.C. and the maximum power 
transfer become very important. For a transfer of maximum power from the 
source or the amplifier to the load we know that the load resistance must be equal 
to the source resistance assuming both to be resistive. When the output impedance 
of the amplifier is quite large in comparison to the load resistance, some impe- 
dance matching device such as a transformer is used so that maximum power 
transfer can be affected. The question of maximum power transfer also 
becomes very important when the signal power is very small as in case of some 
transducers where no loss of signal can be tolerated. However, if the source impe- 
dance is very small as compared to the load resistance then it is not necessary to 
match the resistances. We thus find that in electronic circuits the input and out- 


put impedances play à Very important part. 


5.2 Ideal amplifier 


We have explained what an amplifier is. It can be represented as att ter- 
minal electronic circuit and its terminal behaviour in terms of the driving point and 
transfer parameters can be determined by analysis or measurement. At this point 


nao Itm ктт 


= паши 
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a natural curiosity arises in our minds. What is an ideal amplifier or in other 
words what should be the terminal parameters of an amplifier? The answer to 
this question is quite simple in the light of the discussions so far in the previous 
sections and chapters. The ideal amplifier should have the following 
characteristics. 
(1) Jts voltage gain or the current gain should be infinity, V,/V, = co. 
3 
(2) The input impedance should be infinity, Z, = oo. 
(3) The output impedance should be zero, Z, = 0. 
(4) The reverse transmission should be zero, V,/V, = 0: 
(5) The signal handling capacity should be infinite, that-is, it should amplify 
the smallest to largest possible signal level with constant gain without 
producing any distortion. and 


(6) The bandwidth should be infinite, that is, it should equally amplify all 
frequencies from zero to infinity. 


Obviously all these characteristics cannot be realized in practical amplifiers. 
We aim to design amplifiers which approach these characteristics and analyse prac- 
tical amplifiers to check how far we have achieved them. 


We have seen that an amplifier can be thought of as a controlled source which 
converts the D.C. energy from the power supply to the a.c. energy controlled by the 
input signal. From this view point an equivalent circuit of an ideal amplifier can 
be drawn as shown in Fig. 5.5. Both the controlled voltage and current source 
equivalent circuits have been shown. In 


SENEC S 6 ri the voltage source circuit the input V; 
Vi | V2 is amplified p times and appears as con- 


trolled voltage source of u V, in the 
output circuit. Similarly in the current 
e a рари source circuit, the input current J, is 
(a) Controlled. voltage source amplified f times and produces a con- 
trolled current source 27, in the output 
circuit, Both the output and the input 
circuits are isolated in the reverse direc- 
tion. As has been mentioned earlier. 
Such ideal amplifiers are not practically 
realizable and therefore we have to 
introduce some approximations. The 
Fig. 5.5 Equivalent circuits of Ideal Amplifier important approximations are the finite 
input and;non-zero output impedances. 
The practical amplifier will have an equivalent circuit like that shown in 
Fig. 5.6. Both the circuits of Fig. 5.6 can be combined into a convenient 
single circuit as shown in Fig. 5.7. 


(b) Controlled current source 
Ў 
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In all the equivalent circuits R, represents the input resistance and R, the 
output resistance. In the controlled voltage source equivalent circuit of Fig. 


(b). Controlled current source 


Fig. 5.6 Practical amplifier equivalent circuits 


Fig. 5.7 Practical amplifier equivalent circuit 


5.6(a) u represents the voltage amplification factor. In controlled current source 
circuit of Fig. 5.6(b) 6 represents the current amplification factor. Both p and 
В are the transfer parameters and are dimensionless. The Em as in Fig. 5.7 on the 
other hand is the transconductance (transfer conductance) and. has the dimension 
of mhos. 


The g, is given by 


= thle. 6.24 
ч [V4] oc 4 


ivy 


5.2.1. EQUIVALENT CIRCUIT, OF ACTIVE DEVICE 


The equivalent circuits described above ‘represent the actual circuit at its 
four terminals of input and output. The circuits themselves are visualsed as a 
black box and inside the black box there may be a simple or a complex amplifier. 
The amplifiers may be using BJT, FET, triode or pentode as the basic active device 
producing emplification. The devices themselves can also be represented by an 
equivalent circuit and the equivalent circuit again looks like the one shown in 
Fig. 5.7. As long as the reverse transmission is assumed to be zero the equivalent 
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Ip = 10 шА are given as E 
Em = 5.5 х 107*5 ? 
Ro = 10.9 K. Q 
_ Ha XB 
Then Gy = noH 


Ro and R, are comparable in triodes. 
For a typical pentode at a plate current of 9.0 mA, the values of £y and Ro are 
£y, = 4 х 10-2 0 
Ro = 750 К 
Therefore gain Gy = — g, В, | 
since Ro > R, 
If R, = 10 КО, then gain = — 


We see that the same type of equivalent circuit as given in Fig. 5.7 is good 
for all the devices. Only the values of parameters R,, Ro and g, change from device 
to device. These parameters are specified by the manufacturers in various forms 
and can also be derived from the static characteristics discussed in the previous 


д Б 
chapter. Thus the slope of the output v-i characteristics rb at a given point 


1 ôi 
gives r at that point. Similarly the slope" of the input v-i characteristics gives 
о l 


1 
rx Since in the tubes and the FETs the input current is very small, R, is infinite. 
i 


ài 

The slope of the transfer characteristic of the BJT would give В from 
lin ? : 

which g,, сап be easily calculated. Since the output current versus input current 

charactéristics for the BJT is a straight line it is not usually drawn and f is simply 

specified. However for the vacuum tubes and the FETs the output current versus 


input voltage transfer characteristics ед give the transconductance g,, of 
input 

the device. The representation of Fig. 5.7 is not unique for the devices and circuits. 

Based on the ideas of the four-terminal network theory different equivalent circuits 

have been proposed. Some of these have also been used extensively in the liter- 

` Tature-and in practice. We shall describe in the next section two of the popular 

equivalent circuits. | 
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5.8 Hybrid and T-parameters of transistors 


Many manufacturers give the hybrid or the h parameters for the transistors 
because they are easy to measure and give the input impedance, output admittance 
and the current gain directly. Another set of parameters known as T parameters 
find use in transistors because they are based on the physical model of the transis- 
tor and are simpler to use in approximate analysis of the transistor circuits. Both 
these equivalent circuits are discussed here. 


Considering the transistor to be a black box with two input. and two output 
terminals, we can model its behaviour by knowing the terminal quantities V,, Va, 
І, and J,. We can represent any two of the 4 quantities as the independent vari- 
ables and the other two as the dependent variables. Since the transistor is a current 
controlled device basically, we take 7, and V, as the independent variables and 
represent V, and J, as 


V, = hy h + hy Ve (5.3.1) 
Ty Pay Dy Һа Va (5.3.2) 
Alternatively the above equations can be written in the matrix form as 
V, ha has , 1, 
RFEA 
Coefficients hy, Rys» lto, and hag are known as the hybrid parameters. Using eq. 


(5.3.1) and (5.3.2), the № parameters can be determined easily. If for instance 
V, = 0, that is the output terminals are short circuited, then 


V, = and J, = h4 J, 
Therefore y 
hy, siete | (5.3.3) 
A Sy, =0 
and 
SLE (5.3.4) 
т ru eb 


Similarly, if J, — 0, or the input terminals are open circuited, then 
Vea Never c anu dv Torr 


y. 
Thus he == | (5.3.5) 
L=0 


1 
and Ng = тут | 
caia А 
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We see from eq. (5.3.3) and (5.3.6) that h,, is an input impedance and h,, is an 
output admittance. The eqs. (5.3.4) and (5.3.5) show that h,, is the reverse voltage 
gain and h,, is the forward current gain. As we can see, these parameters are 
a mix of impedance and admittance and voltage ratio and current ratio. They 
are therefore called the hybrid parameters. Sometimes the hybrid parameters are 2 
also designated as 


h,, = h, (Input impedance) 

= h, (Reverse voltage feedback ratio) 
ih F lu (Forward current transfer ratio) 
hs; =һ, (output admittance). 


Considering the CE configuration and adding a subscript to the h-parameters 
we can represent the two equations in the form of an equivalent circuit as shown 
in Fig. 5.9. As assumed the reverse transmission can be neglected and thus 


E 
(a) The transistor 


(c) Approximate equivalent circuit 
with hie =0 


Fig. 5.9 h-parameter CE equivalent circuit 


ћ c0. We сап now connect-other external тайм tothis circuit and analyse 


it by usual circuit techniques. The parameters h,,,, Aore and h,,, Can be measured, 


11e! 22€ 
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as has been mentioned earlier, and are also specified by the manufacturer. The 
parameters for the CC and CB configuration can similarly bedefined and measured. 


The conversion from one set of parameters of, say, 
and CC can be worked out and are given in 


(approximate) 
hic = Ме 


Ње = 1 
hye = — (L+ hye) 


hoc = hoe 


ИССА ae 


ee Bee ы 
Common Collector 


CE to other parameters of CB 
Table 5.2 below. 


Table 5.2 
DEI SEP ERE ee (SE ы ы т 
Common Base 
(approximate) 
hie 
hu eem 
w = ERES 
ose hiehoe — 
im DET hr 


rx 78h Sipe 
ho = ERR 


hoe 


—— 


hob = i hfe 


— ——————————— 


The current controlled current source in Fig. 5.9 can be replaced by a voltage 


controlled current source as shown in Fig. 


given as 


116" 


n . Comparing the circuits of Figs. 5.10, 


B —-I 


5. 10 hy simply noting that J, is also 
5.7 and 5.8 we find 


-— 1, Є 


4p) t terms ot functional. notations 


Fig. 5.10 Equivalent ckt, of CE Transistor with voltage controlled current source 


17 (45—73/1983) _ 
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that R, — input impedance i (9.3.73) 
= hs = hi, "2T. t 
hare hy, 
Em = transconductance = —— = = (5.3.7b) 
11 hie 
1 1 
and R, = output impedance = — = "n 
hys, f oe (5.3.70) 


We can also see that 
hore = hy, = В = current gain of the transistor. (5.8.74) 
5.3.1 T-PARAMETERS 


We shall now describe an equivalent circuit of the transistor based оп its 
physical structure. This equivalent circuit as shown in Fig. 5.11, is in terms of the 
internal resistances of the device. [t is generally known as the 7 equivalent circuit 
of the transistor because the 3 arms form a 7. . The emitter-base junction is for- 
ward biased and acts like a diode with a resistance r, given hy 


TE^ 4 25x1075 
ded ae (5.3.8) 


The ohmic resitsance between the base terminal and the active region somewhere 
in the hase region of the transistor is represented by r, and is known as the base 
spreading resistance. The value of this resistance is somewhere between 50 to 
100Q in practical transistors. The reverse biased collector offers a resistance r, 
which is usually very high (of the order of Megaohms). The current souce repre- 
sents the collector current which depends on the injected carrier at the emitter. 
The leakage current in the collector junction has not been shown, since it is very 
small, particularly so in silicon transitors. The advantage of T the model is that 
by simply interchanging the terminals we can get other configurations such as 
CB and CC, and the parameters themselves do not change. Since r, is usually 
quite large and r, is very small, a simplified version of Fig. 5.11 is shown in Fig. 
5.12. If we now try to represent this simplified circuit in the form of Fig. 5.8, 


E Fig. 5.11 T-equivalent circuit of the CE transistor 


TUTTI UNS CEN oid oe дайы ee cl 
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we shall get the circuit of Fig.5.13. Here the base to emitter voltage V рр is 
given by 
Vgg — Te le 
= re (Ig ВІ) 
== 4га (1 +B). I5 


E 
Fig. 5.12 Simplified T model of CE transistor 


Hence, we get the circuit of Fig. 5.13. The collector current is given as Al 


BV вк 


which is equal to KETIA ү EmV BE 


Therefore, Bni m 
e 
Since В is much greater then unity £m = е (5.3.9) 
е 
From eq. (5.3.8) we obtain 
or (5.3.10) 


Fig. 5.13 T equivalent ckt based on VBE 


We can now express the parameters of the circuit shown in Fig. 5.8 in terms of the 


T-parameters. sos 
R, = (1 t B) r, (5.3.11) 
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Кы M (5.342) 
r, 
and Hcc (5.3.13) 


One great advantage of the 7 model is that it has brought oul a parmeter 
r, which is dependent of J, (or Ig since a œ 1) as given by eq. (5.3.8). Because of 
this, once we know J, or choose Ipp Wwe know r, and therefore we know А, and 
gm Only В or hy, is required to be known from the manufacturer's data sheet. 
Though this gives us an approximate analysis only it is sullicient in most practi- 
cal situations. The relation of R,, R, and g in terms of A and 7 parameters are 
summarised in Table 5.3 


‘Table 5.3 Summary of terminal parameters in terms of h and T parameters of 
common emitter transistor 


h-parameter T parameter 
; a 
Current gain hfe = hae # = 
? 1—@ 
-3 
Input Resistance Ri hie = 1де. a+) rems Dg 
E 
Transconductance — gm „ме NE. 0240 Ig 
hte (+ B) re 
А 1 1 ) 
Output Resistance Ro M сл m 
hoe hove 


Example 5.3.1 


In an npn silicon transistor, the collector current is 2mA and В at this current 
is 80. We should remember that £ varies with the collector current and from unit 
to unit. In fact the В may vary over a large range like 60-240 from one piece to 
another. 

We can calculate some of the parameters as follows 


since [,>2mA 


r, = T = 12.52 
" 5 К 
also gn = 40 Ip = 80x 10-9 mhos 
: 3 h, = R, = (+8) r, = 1.00 K 
The slope of the output characteristics is 125K. Hence 
PARIR 
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1 


Te 


lg t 


= 8 u mhos: 
5.4 Frequency dependence of terminal characteristics 


We have so far discussed the terminal behaviour of circuils and devices in 
terms of the input and output resistances and voltage and current gains. These 
terminal parameters have been assumed to be frequency independent, that is, they 
have been assumed to be resistive and constant at all frequencies. In practice 
this is not the situation and the parameters change with frequency. The reason 
is the presence of reactive elements like capacitances in the eircuit. Some capa- 
citances are inherent in the devices, some appear as stray and parasitic shunt capa- 
citances because of connections with other circuits and some are externally 
connected purposely for various requirements. еу cause the output and input 
inpedances and the voltage and the current gains to change. with frequency. They 
either appear in the series path of the signal as shown in Fig. 5.14 (a) or shunt the 
output and the input terminals as shown in Fig. 5.14(b). 


Input С Output Input, „В Output «| 
v ; 
M № V № 
К эй ый ышы ы | 
(a) Series capacitance (6): Shunt capacitance 


Fig. 5.14 Capacitances in circuits. 


We know that the reactance of a capacitor X, = oC is very high at 


low frequencies and decreases at high frequencies: When the reactance increases 
in the series path at low frequencies and. becomes comparable or higher than the 
resistance R, it prevents the signal from flowing onwards and thusdecreases the out- 
put. The series capacitor in Fig. 5.14(a) therefore becomes effective only at low 
frequencies. At higher frequencies its reactance is very smallin comparison to 
R and.it.does vot effect the flow of signal. On the other hand when the reactance 
decreases at higher frequencies in the shunt path of Fig. 5.14(b) the signal is by- 
passed and the output decreases. If the shunt reactance is large in comparison to 
Rit does not cause any problem. We thus find that the different capacitors become 
effective in different frequency regions. It is for this reason that we divide the 
operation and analysis of the circuits. in three regions —low frequency, middle 
frequency and. high frequency... The middle frequency region is that where the 
series and the shunt capacitors are not effective and the circuit is considered only 


Y 
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resistive. In the high frequency region the shunt capacitors only are effective and 
the series one can be neglected. In the low frequency region the series capacitor 
only is considezed and the shunt ones are neglected. The circuitin Fig. 5.14(a) 
is known as the high pass filter and the circuit in Fig. 5.14(b) is the low pass 
filter. 


We sce that almost all devices and circuits have either a series, a shunt or a 
combination of both capacitors modifying the terminal behaviour at different 
frequencies. Now the signals to be amplified by these circuits are complex them- 
selves and consist of a large number of frequency components. The signal fre- 
quencies extend over а band and the difference between the highest and the lowest 
frequency component, fg and fz, is designated as the bandwidth W of the signal. 


Thus Wo f 
The bandwidth W is mostly governed by fy since fy ў» fj. The rate of the change 
of amplitude of the signal from one instant of time to another governs the highest 
frequency component f; present. If the change is abrupt or fast then fy is very 
high and W is large. Theoretically fy may bé infinity but in practice we ignore 
high frequency components having small amplitudes—smaller by a factor of 108 
or more. These high frequency components do not contribute really to the wave- 

. form much and the approximation in general is useful. 


. If a signal has to be amplified, then the waveform has to be preserved. This 
will mean that all the significant frequency components of the signal should be 
amplified equally well by the amplifier. For example speech signals occupy a 
band of frequencies extending from about 90 Hz to 5 K Hz but for telephone 
purposes we use only the band of frequencies from 300 Hz to 3.4 KHz. It was 
found that this band is sufficient for the communicatyon of speech information. 
High fidelity (Hi-Fi) music on the other hand occupies a band of 20 Hz to 20 KHz. 
A good quality Hi-Fi amplifier, therefore has to amplify all the signal frequencies 
in this band equally well without any distorition. The bandwidth of the colour 
TV picture signals 1500 7MHz. Some of the industrial signals may have small 
bandwidths limited to few hertz only. 


So far we have been accustomed to describing the signals in the time domain 
i.e., variation of amplitude with time, Fig. 3.21. However, we notice from the dis- 
cussion above that the signals occupy a certain band of frequencies and the 
amplifiers have to work over that band. The amplifiers, therefore, have to have 
two characteristics. One is the ability to reproduce the dynamic variations of the 
signal in amplitude-time domain and this has been designated asthe dynamic range 
of the amplifier. The second is the ability to reproduce the band of frequencies of 
interest in the signal. Dynamic range is normally limited by the linearity of the 
- devices and the noise level of the devices and the circuits. It is the ability to repro- 
duce the band of frequencies which is of the more interest here and all the analysis 
and design of electronic circuits is mainly concerned with this. 


——À 
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We have shown that both the circuits and signals are limited in frequency 
range and a better insight into ihe electronic circuitsis obtained if we use the fre- 
quency domain description. It will be essential to describe the signal in the fre- 
quency domain in order that we can study the affect of the amplifier on the signals. 
There is another angle to the problem here which forces us to change over to 
the frequency domain for the analysis and the.design. All the real life signals are 
complex in nature. They are nonrepetitive and are random. In other words it 
is impossible to write an analytical expression for the signal as a functionof time. 
For example, there are infinite number of waveforms for a speech signal but all 
the signals occupy a given bandwidth of say 300 Hz —9.4KHz. If the amplifier 
does not pass all the frequencies properly we can immediately seeits effect. Thus, 
it is seen that a frequency domain description of the signal and the circuits is very 
convenient for the analysis and design of systems. : 


One of the most popular techniques to convert the time domain description 
to а frequency domain one is the use of Laplace transorm. Rules for transforming 
a time function to a frequency function and vice versa are all defined. Instead 
of going into the theory of Lapace transrormation we shall use this concept of 
domain transformation only here. For example it is convenient to write the capa- 
citor reactance in terms of the Laplace variable s. Thus 


1 i 
XQ— С where s = e -jo 


Similarly the inductive reactance X,-—sL. 1 the input v, (t) and the output 
р, (t) are also considered in terms of their Laplace Transforms V, (s) and У, (ж), 
Then the ratio of V, (s)/V;.(s) is known as the transfer function Я (s) of the circuit 
or the system. Thus 


H(s) = ne 9 (5.4.1) 


Once we know the transfer function H (s) we can calculate the output Vy (s) for 
any input signal V, (s) by multiplying H (s) with V, (s). The output quantity as 
a function of time v; () із obtained by taking the inverse Laplace transform of 
V, (s). Thus, we finally go back to the time domain. Among many other advan- 
tages of such a technque of solving the problem, the mathematical manipulations 
in terms of s become very simple and convenient. For instance, the transfer func- 
tion of the circuit in Fig. 5.14 (b) can be written as follows 


V, (s) 1 
1 sC 


У, (8) = 


5С 
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У, (s) 
== (s = —— 
Vv, 6) Oh Tick 
1/CR 
or + Ae(s) === : 1 (5.4.2) 
ЖАУ cu | 
; 1 
We notice that if we make s = — CR (physieally not possible) we find 


from eq. (5.4.2) that H (s) is infinite. Such a frequency where the transfer func- 


1 
CR 
is the pole of H (s)... The product CR is known as the time coustant of the circuit. 
Similarly if for some value of sthe value of H (s) becomes zero then that frequency 
is known as the ‘zero’ of the transfer function. We shall now analyse the two cir- 
cuits of Fig. 5.14 and deterine their frequency characteristics. 


tion is infinie is known as the ‘pole’ of the transfer function. Thus s — — 
p 


5.4.1 Low Pass FILTER 


A simple low pass filter is shown in Fig 5.14 (b). 1t has a transfer function 
given by eq. (5.4.2). We are interested in finding how the output changes as the 
input frequency is changed. In the transfer function of Eq. (5.4.2) we replace s 
by jw to obtain 


vos ACER 
H(jo) = 1 
етиш 
We can determine the magnitude | H (jo) | and phase, H (jo) = (jo) of this com- 
1 
.plex funetion. Putting for convenience zap = 0, we obtain 
; Oy 
H(iw) = -— 
@ ) jo - 01 
Thus 1 
H(jo)| = —————= 5.4.3 
| | VA-F (0/01)? 3 | ) 
and 


0 (fo) = tan 2 (—) (044) - 
[oT] 
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The frequency and phase responses of eq. (5.4.3) and (5.4.4) are plotted in Fig. 
5.45(a) and (b) respectively. : 

If the input voltage is kept constant then it is seen from the figure that the 
magnitude response and hence the output voltage is constant upto a certain fre- 
quency. Beyond this frequency the ou put decreases with the increasing frequency. 
At a frequency ш = Vy, We see that Apo à 


ELE 
ибо) = Jam ол | 


or V4(w)-— 0.707 У; (jw) 
or V3 (jw) = 05 y (jw) - 


ү? 
This shows that the output power -p = R=1 is halved at w= W 


4 
This frequency V1 = "nc is known as the Зав frequency because the output 


power drops by 3 dB. In terms of voltage the output voltage reduces to 0.707 
times its value at zero frequency. This frequency is also known as the out-off or 
corner frequency. The output lags in phase the input by 45° at this frequency. 


We can express | H (jw) | in. dB as 


ud 
| H (jw) lan = 20 log уура 
Ec | 


= 10 0g [ 1+ ey] 


o 
= —3 a—= 1 
Oy 


(5.4.5) 


Similarly from eq. (5.4.4) 0 (jw) = tani4 = —45° 


For large values of w when 2 > 1 the eq. (5.4.5) shows that the magni- 
1 


tude of the transfer function changes by бав if the frequency is doubled. . This 


will mean that the slope of the response curve in Fig: 5.45(a) will be 6dB/octave 
change of frequency. This change is also expressed as 20dB/decade if the fre- 
is changed 10 times. Similarly the phase change at frequencies greater 


quency t 
ly — 90 degrees. Tt can be assumed that for frequencies 


than 1010; is approximate 
18(45—73/1983) 
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smaller than €,/10 the phase change is negligible. The phase curve, therefore can r 
be approximated by the straight lines shown in Fig. 5.15(b). By 


m | 5 
Е ч 
З -o А 
= з3-------- f; 
Е 6db/octave q 
9 А 
> D: 
Q—- 
Frequency in rad/sec —e b. 
(a) Magnitude response | 
t3 
A 
H 1 
ў 
d E 
с ls 
Э д5 1 
5 ) 
E | 
& -90 | 
| 
| 
Frequency їп rad /sec -= А 


(b) Phase response 


Fig. 5.15 Response of low pass filters 


Conventionally the frequency w, has been called the cut off frequency and it | 
brings to our mind an idea that the freqencies above w, are not passed through the 
network. This is far from the truth. In fact the power is only reduced to half 
or the voltage is requced to .707 times its value in the passband. Significant out- 
put is obtained at frequencies which are 10 times w,: Even with all these limita- 
tions the terminology of a cut off frequency is very convenient to use in dealing 
with the frequency respnonse of networks because it gives a quantitative idea. 


cn 


The circuit of Fig. 5.14(b) is called low pass obviously because it passes the 
low frequencies only. [tis саПей a single order filter because the order of s in 
the transfer function is 1. 
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5.4.2 Нен Pass FILTER 


We shall next consider the high pass filter shown in Fig. 5.14(a). The 
transfer function H(s) is given by 


& У, (8) _ R 
"UT POL Ed 
sC 
or H(s) = 1 
qo BEC 
s 1 М 
or H(s) = acu where RC = @, (5.4.6) 


Wo notice that the transfer function of a high pass filter has a ‘zero’ and a ‘pole’. 
The ‘zero’ is at s = 0 or the origin and the pole is at s = — Or 


Replacing s by Jo, 
jo 
H(jo) = ————— 
d jo +01 
Therefore 


| Ho) | = Vin (2) (5.4.7) 
< [0] 


The phase function 0 (jo) is 
01 
jw) = tan"! (255) 
6 (jw) = tan 5 


and | H(jo) las = — 10 log [: T y] 


The frequency and phase functions are plotted in Figs. 5.46(a) and (b). Here we 
find that as the frequency is increased the output increases upto a certain frequency 
and then it becomes constant. 


It is a first order RC high pass filter. At "em the output power falls by зав 
(voltage becomes 0.707 times) and at frequenefes much lower than this, the slope is 
once again 6 dB/octave. The cut-off or corner frequency is ш, = 1/АС. The 
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phase is 45° at ш = ш; and is 90° at з w, and 0° at 10w, approximately 3 ы 
аз shown in Fig. 5.16. 5.16(b. 


in dB 


Magnitude H(j@) 


i D a 
Frequency in red/sec —e i 
(a) Magnitude response | ; 


Phase Ө(]0) їп degrees 
rs 
сл 
1 
i} 
1 
| 
1 
1 
I 


Qi Qi 10Q1 
10 и 
Frequency in rad/sec —>- 


(b) Phase response 


Fig. 5.16 High pass filter response 


Normally an electronic amplifier would have-both series and shunt capaci- 
tors and the frequency response will be a combination ofthe low pass and the high 
pass responses, as shown in Fig. 5.17. The two corner frequencies are known as 


—À 


Magnitude H(jO) in dB 
e 
vo 


QL Qu Q—- 
Frequency in rad/sec —9 - 


ый: аы кысмы эшч 


Fig. 5.17 Frequency response of amplifer. . : 
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upper and lower cut-off freqencies Wy 


and W,. The region between Wy and 


W, is known as the mid band and Wy—W,=W is the pass band or the bandwidth 
ofthe amplifier. Signals inside this band would be amplified without any 


frequency di stortion. 


Review questions 


5.4 Show the non-linearity which a d 
5.2 What is a two port network ? 


evice has and is used for rectification. 


5.3 Explain what is meant by transfer parameters ? What are their possible 


dimensions ? 


5.4 What do you understand by driving point parameters ? - 
55 Define deci Bel and explain its utility. Convert voltage and power ratios 
from 1 to 10 (integers only) into dB. Also convert 1 to 10 dB (only integers) 


into power and voltage ratios. 


5.6 Explain short and open circuited parameters. 

5.7 Enumerate the features of an ideal amplifier. 

58 Draw equivalent circuits of a practical amplifier using (i) voltage controlled 
voltage source (it) voltage controlled current source (iii) current controlled 
current source and (iv) current controlled voltage source. What are the di- 


mensions of the coefficients ? 
5.9. Define hybrid parameters for CE, 


540 Define 7 parameters of a transistor. 


CC and CB transistors. 


5.11 Draw a T-equivalent circuit of a CC transistor. 

5.42 Explain how does a series capacitor affectthe frequency response of a circuit. i 

5.13 What are sources of shunt capacitances in an electronic circuit? How do 
they limit the amplifier performance ? 

5.44 What do you understand by the bandwidth of an amplifier ? 

545 What are poles and zeros of a transfer function ? 


546 What do you understand by 8-dB 


cut-off frequency of a circuit ? 


5.17 Draw typical maganitude and phase responses of an amplifier having both 
lower and upper cut-off frequencies. 


Problems 
p.54 Prove that Gp 7 Ge X Gi 
Pa. 

P 52a and P 5.2b. 


1 Я 
2 Calculate the input and output impedances of the circuits shown in Fig. 
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Р. 5.3 An ideal voltage source of magnitude 10 V is connected at the input termi- 
nals A, A, of the circuit in Fig. P 5.2a. Calcutlate the Thevenin's 
equivalent voltage source across A, Ag. 

How would the voltage across A, A, get modified if the circuit in Fig. P 5.2b 
is connected in tandem with that in Fig. P 5.2a ? 


EN Ao 
1K 2K 
3K 

Ai "Ag 

(a) i 
Bi Bo 
Bi Bo 

(b) 

Fig. P5.2 


P.5.4 Find the interrelations among the parameters of practical amplifier equiva- 
lent cicuits with (i) voltage controlled voltage source (ii) voltage controlled 
current source and (iii) current controlled current source. 

P.5.5 A practical amplifier with R; = 2K Q, R, = 90K Q aud В == 60 has а 

: [oad resistauce R, = 10 K Q. Calculate the values of f, p, С, and Gi 

P.5.6 The common emitter h-paramelers of a transisistor are given as 

by =1KQ hia = 90 x 10-8 

ha = 40 hag = 1074 pv 
Calculate the common base and the common collector h parameters. Also 
calculate R,, R, and gm for the common emitter configuration. 

P.5.7 The T parameters of a transistor at f, =1 mA are given as ry ~ 0, 
re = 10 K Q and а = 0.975 Calculate Ri, Ro and gy. 

P.5.8 Draw CB and CC equivalent circuits in terms of 7 —parameters. 

P.5.9 Plot the magnitude and phase responses of (i) a low pass and (ii) a high RC 
filters with R — 1 K Q and C = 0.1 pF. Calculate the time constants 
and the cut-off (corner) frequencies of the fillers. Calculate the 
frequencies at which the relative phase shift becomes 90°. 


6 


Single Stage Amplifiers 


6.0. Introduction 


Practical single stage amplifiers using tubes and transistors are described ` 
in this chapter. We know that a device is made to operate by applying appro- 
priate D.C. voltages at its terminals and by allowing appropriate currents through 
them. Proper operating points and ranges are chosen from the characteristics 
of the devices. The transistor or the tube is said to be biased when the chosen 
currents and voltages are applied at \its terminals. Techniques of biasing the 
devices are discussed in this chapter. The device with the proper biasing network 
and arrangements to couple the input signals and take the output across loads 
makes a practical amplifier. These amplifiers have been analysed here and their 
terminal characteristics have been determined. The discussion is limited to single 
stage amplifiers which use a single device. | 

As mentioned earlier, by making one terminal of the transistor common 
between the output and the input, three amplifier configurations viz CE, CB and 
CC in case of BJTS and CS, CG and CD in case of FETs are obtained. Since 
the biasing aims at making the device operate in the proper region it basically is 
the same for all the three configurations. However, the terminal characteristics 
of the three configurations differ from each other. In addition to the three 
different configurations, the amplifiers are divided into different classes called 
A, B and C depending on the choice of the operating point of the device. This 
can be best understood by considering a typical transfer characteristics, shown 
in Fig. 6.1, which gives the output current versus an input parameter that can be 
a voltage or a current depending upon the device. The input signal changes the 
voltage or the current parameter on the z-axis of the transfer characteristics and 
thus produces a change of current at the output. Let us assume that the input 
parameter is voltage and that its value is less than zero. Hence, as the voltage 
is reduced the current decreases and finally becomes zero when the device is said 


to he cut-off. 
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— 
———— e£ s 


С) 
> 
Output current (increasing) 


Va 
<— Input voltage or current | 
(decreasing) 


Fig. 6.1 Transfer Characteristic 


| 
We shall assume a quiescent operating point Q4 where the input voltage | 

is V, and the output current is 74- As the voltage is varied around V ,, the current | 

changes around J,. As long as the variation of the voltage is small so that the | 

current does not become zero at any time, the operation is linear and such an 

amplifier is called a class A amplifier. If the operating point is chosen аб О р then, 

normally, with no input signal the quiescent current is zero. During the positive | 

swing of the signal the device conducts and output current flows. For the negative 

excursion, on the other hand, there is no current flow and the device is cut-off. 

Then, corresponding to a full cycle of the input signal, the output conduction takes 


place for only. half the cycle, as shown in Fig. 6.2. This is known аз the class 
B operation. 


Ve, Vc 
Va “ 
| | { | | | 
2994 | | | | 
| | "i | 
| | || | | | 
| \ | 09 t А 
| (9 
| | | ү \ | А | 
I 
| 
| у 
Class A Class B Class C 


Fig. 6.2" Class of amplifiers 


і. In class. С operation the device is biased much to the left of V,-say at Vo- | 
There is obviously no quiescent operating current and even during the positive 


— ———— 
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excursion, the output current flows only when the input signal amplitude is suffi- 
ciently large to cross the point Ив. : Thus, the output current flows during less 
than half the cycle as shown in the figure. It is obvious that only in class A 
operation the input signal waveform will be directly reproduced at the output. 
1n other classes-of operation the output waveform is distorted. The distortion 
will occur even in class A operation if the transfer curve is not linear throughout 
the range of the input signal variation. Thus class A small signal amplifiers whose 
operation is confined to the linear portion of the characteristics are quite common 
and useful. Class B and class C amplifiers, even though ‘they distort the signals 
at the first instance, find special applications particularly when large power levels 
are involved. At large power levels the efficiency of conversion of DC power 
from the power supply to AC power in the load becomes a primary concern. The 
total D.C. input power is not available to the load in the shape of signal power 


because of the dissipation in the device. The efficiency 1 is defined as 


Рода e: Proad 


ШОР 0с Рова + Рр 
where Prosa = Signal power in the load 

Poo = Voe: Ipo = Power from the DC supply 

py = Power dissipation in the device. 
We have seen that in class B and C operation, current flows for half or less than 
half a cycle and thus the average power dissipation would be low thereby increasing 
the efficiency. 10 is also desirable in many situations that, in the absence of signal, 
no current should flow in order to keep the power consumption from the battery 
low. This is possible in class B and C conditions. . The resulting distortion of 
signal has to be corrected by some other means. 

The transfer characteristics are usually non-linear (gradually changing) near 
the cut-off region. They may be linearized by using an extended cut-off point 
(0 дв 28 shown in Fig. 6.1. This is known as class AB region and is sometimes 
preferred over class B region. In this book we shall not he discussing either AB, 
B or class C amplifiers and our main concern will be class A amplifiers. 


641 CE Amplifiers 

Among the bipolar junction transistors the common emitter amplifier is 
most commonly used because it provides both voltage and current gains which is 
larger than. unity. We shall first discuss the biasing of this amplifier in the active 
region in order to obtain class A operation. Its analysis will be taken up later 
to help determine the voltage and current gains, the input and output impedances 
and finally the frequency response. à 
6.1.1 BrasiwG OF А CE AMPLIFIER 

We recall the output characteristics of an npn transistor that is shown once 
again in Fig. 6.8 The operating point is fixed in such a way that the transistor 
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A 
i Hyperbola for max. 
24 dissipation 
| 19, 
0320 
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5 16 
5 1аз 
5 2h Increasing Ig 
$ 152 
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Ito 
4 


Over 4. BVeq 2 б 20 24 VeemaxNolts 


Шы Collector- emitter voltage Veg — > 


Fig. 6.3. Output characteristics showing biasing of BIT 


always operates within the prescribed limits of voltages and currents etc. For 
oxample, the manufacturer of the transistor вресіпеѕ the maximum current Jc maz’ 
max voltage Voo’ minimum Гс and Voy and maximum collector power dissipation 
Po mas The curve for the collector power dissipation is a hynerbola on the 
Vor 1с axis as shown in Fig. 0.3. The operating point musi never cross this 
curve. Jn faci, for most of the class A amplifiers it is kept well below this limit. 


ў s : Veo —V 
For a given Voo’ an operating point.could he chosen as Veg = ©©© = 


and Ig = таш ч ‘This. choice may not be very desirable and Q 
may be fixed from other considerations. Once the Vog nd Ig have been chosen, 


the base current J, is also fixed. 


A simple arrangement to obtain the chosen Q point is shown in Fig. 6.4 (a). 
The circuit uses two power supplies V pp and Vog. Let us see how the desired 
Ic, Vcg and I, are obtained. For the time being we shall neglect the effect of Igo, 
the reverse-biased collector saturation current, and the emitter —base diode 


resistance. The values of B, Zoo, Po maz lo max €^. are specified by the manu- 
facturer. Now the collector current Tc is 


To = В Ip + (1 H- B) Ico 
and | 


e N ў 
pun E (6.1.1) 
B 


where Vj, = base—emitter diode cut-in voltage and is 0:6 to 0.7 volts 
) for 3i and 0.2 to 0.3 volts for Ge. 


{ 
1 
| 
| 
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Thus, by controlling either Rp or V; or both the desired J, can be set. This fixes 
up the desired J, since f is known. Next we consider the collector circuit where 


Veo = Т.В, + Veg (6.1.2) 
Veg. Woo баба He 4936:49) 


The collector to emitter voltage drop Vog is set by the proper choice of Vog and 
Ro. Larger Vo, gives a greater output swing but the maximum value of Vog is 
limited to the breakdown voltage of the device. The collector resistance has 
been shown to be the load resistance across which the output is taken in earlier 
discussions. It is in fact a biasing resistance because it fixes the Vog but we also 
take the output across it. 


Example 6.1.1 


In a transistor biasing circuit, it is desired to have the operating point at 
Vog = 6V, Ig = 4 mA with Vgg == Усс — 15V. The bof the npn-silicon transistor 
is given as $0. Calculate the values of Rg and ‘Rg. ’ 


Since Г, = 4 mA 
we have Ip = — = 0.05 mA 


Let Vgg the cut-in voltage of the transistor == 0.65V 


ys [579 0,655 a dm it, 
Hence Вр = — B. Bi F Уз _ E 287K Q = 300K Q 
A i 


Veo —Vog 15 —6 

We have been able to bias the CE amplifier but unfortunately this operating 
point does not remain stable. "Тһе operating point shifts by itself for reasons 
explained below and sometimes the shift takes the device to the extremes 
of the operating region and even distroy it. The transistor is a device where the 
minority carriers, which control the operation, depend very much on the ambient 
temperature. "The cut-in-voltage Vy, also depends on the temperature. 16 
decreases at the rate of approximately 2.5 ,,V/^C with the increasing temperature. 
With:a decrease in the value of V gp, the effective base-emitter voltage increases 
and hénce Jy also increases. This will in turn increase Io directly. Similarly 
the Too increases with an increase in temperature. In fact, this current doubles 
approximately for every 10°C rise in temperature. "Even though we have neglected 
this current in the beginning it creates a problem as the temperature increases. 
Io is added to To and changes the V gy since the drop across Ro is changed. Thus, 
the’ variation in temperature changes the operating point. ы 
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Variation in the value of f is another reason why the operating point stability 
is not guaranteed. First of all the value of f istemperature dependent 
and secondly it changes from device to device. All transistors having the same 
type number do not have the same f. Thus, if one transistor is replaced by 
another, then the biasing circuit has to be redesigned since the 8 of the new device 
will normally be different. The В specified by the manufacturers is a typical value 
only. The variation may be as large as one to four. The temperature and f 
variations etc. lead to changes in the operating point and ultimately the power 
dissipation which may increase. The device temperature will thus be increased 
affecting the operating point further. If the process becomes regenerative it may 
destroy the device by excessive heating and is known as thermal runaway. 


Typical parameters of an npn silicon transistors are given in Table 6.1 below. 


Table 6.1 A Silicon npn transistor BC 107 


H эй COH EU: о ee TEL D E Eu ER QT 
Collector- Emitter voltage, (Vgg = 0) · Vogs max 50 V 
Collector- Emitter voltage’ (open base) Vero max 45 V 
Collector current (peak value) 1с тах · 200 mA 
Total power dissipation upto Tambient = 25°C 300 mW 
Junction temperature 77 sc EROS ae ut MIRO ER но ее d ond 175°C 
Small signal hye at Ty = 25°C hye > 125 
(Ic = 0.2 mA, Vcg = 5 volts, f = KHZ) hte < 107} 
Transition frequency at Іс = 10 mA, Vor = 5V 
—(at f = 35 MHz) VES typical 300 MHz 
Noise figure at rs = 2 KO . A eg 1.4 db 
(c = 200 pA, Vor = 5V) 2^ a») 
At T; — 150°C, Усв .= 20V, Ig = 0 
" Ісво = 1 + A)I co Saas 15 pA 
At Ic = 2 mA, Vog = 5 volt V, is ЕР typical 620 ШУ 
At Ic = 10 mA, Vog = 5 voli, Val iS. Cb о Waa Sur. 770 mV 
h parameters : Io = 2 mA, Vog = 5 Volt 
(typical values) hz 2.1 kQ 
hie = 1.5 X 1074 
hye = 220 
hoe = 30 p U 


6—6 ——— 


To prevent thermal runaway and to keep the operating point largely 
insensitive to temperature and f variations, it is important to incorporate some 
corrective measures in the biasing circuit. One such circuit is shown in Fig. 6.4 (b), 
where a resistance Ry has been inserted in the emitter circuit. Let us see how 
Ry helps in the stabilization of the operating point. The emitter current Ig lows 
through Rp and gives rise to a voltage drop Уу. if Jp is large then Vg also is larg¢. 
We shall assume that the voltage at the base is fixed. Suppose now that due to 
an increase in the temperature the cut-in voltage Voz decreases and. the Igy 
increases... The net result would be an increase in Ío and hence Ig and a decrease 
in Vog: However, as the J, starts increasing, Vp also starts increasing and the 


oe 
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difference Y pg decreases. This. would reduce /j and hence J, would he reduced. 
in turn, Thus V will be nearer to its previous value. This can be seen quan- 
titatively by calculating I, for the circuit in Fig. 6.4 (b). 5 


(а) Simple circuit (b) With Re 


Fig. 6.4 Biasing of transistors 


fue Vas — Von Ув) (6.1.4) 
Ry 

Comparing with eq. (6.1.1) we see that the I, now depends on V also. 
Thus an increase in J, causes У to increase which reduces Ip and keeps Jo at or 
near its original value. Similar process goes on in the opposite direction when 
the temperature decreases and the net I, decreases. As we can see, the Vg would 
then drop which in turn would increase /,; and finally Jọ Even when fj changes 
due to the temperature or due to a change of the device, the ТА с may increase or 


decrease but the Ry, would tend to keep J, constant. Thus Rẹ is used to'Stabilize 
the operating point. | : 

The schemes of biasing suggested in Figs. 6.4(a) and (b) require two power 
supplies Уш, and Vp, of the same polarity. We can dispense with one power 
supply and obtain the base voltage from the collector power supply itself. One 
simple method of doing so is shown in Figs. 6.5. 


450 
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The voltage divider Л, R5, and the supply 
Усс can be represented. by an equivalent 
circuit using Thevenin's theorem as shown 
in Fig. 6.6, The voltage V, and the the resis- 
tance Ry are given by 


—* To Base 


Ri. 
"Ago ВЫ (6.1.5) 
i Fg, 77 Hg, A 
To Base Hg, X Rm 
R (6.1.6) 
TU] Bar RS. 


The clreuit of Fig. 6.5 (b) is thus reduced to 
the cireuit of Fig. 6.4 (b) The base and 


V ; 1 
| à collector currents can be calculated by eq. 
ў 6.1.4) as: 


Fig. 6.6 Thévenins equivalent circuit, 


Rewriting eq. 


rd, = 


Vg — Vor — Re (Ip + Ic) 


v 6 1.7 
Ig Ra (6 1.7) 
Since V, —' R; (Ig + To) 
(6.1.7) by arranging terms we have 
R - Y — Rgl 
1 Ag UR ye AB dc 
( t R) Is Ry 
om peal Em ва... (6.1.8) 


Also Ic SE blz ip (1 Ss В) Ico 


Vie — View — Hg Ic 
or To= (= A. eee (+) oo 


(Ya — Ves) Да un 1 t ho 6.1.8 
Rat UTOR; fts + (E 8) f, (t+ B) Too (6.1.9) 


We can iow find the collector current Fo, the base current Zy and the coliector 
emitter voltage Vor in terms of the circuit parameters and the manufacturer's data. 


a 
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Example 6.1.2 


An npn trausistor js connected as shown in Fig: 6.5. The values of 
Hy = 12K OQ, Hg, = 3.9KQ Ro = ЗКО, Ry = IKQ; Vog = 12 ү. 
The parameters of the transistor аге 
В = 100, Igo, = 90nA, V gg = 0.65V 
Calculate the values of Ic, Vog and the drop across Ry 
Since Ap; and Hg, are given we can calculate 
Rg — 2.94 KQ 
and. Vg — 2.94 V 
substituting these values in eq. (6.1.9) we obtain 
100 (2.94 — 0.65) (2.94 + 1) 108 
2:94 x 405 4-401 Xx 4x 408 2.94 x 103 4- 101 x4 x 108 
x 101. x 50 x 107? 
= 2.20 x 107? -- 0.191 x 1079 : 
or „=з 2.20 x 107? ; 
Tlence Vog = Ёсе — To Ho ў 
ее" ааа x 10-33 X ie “Дө! 
5.4 volts 
Va, and = 22 x 10° x 1.X 10°= 2.2 volts. 


The variation “ot Io due to the changes in се is quantitatively denoted by. 
a stability factor S defined as 


lo = 


E 


EM ines gern (6.1.10) 


From eqn. (0.1.9) the stability factor S of the circuit in Fig. 6.5 is 
s 0 E D (Rpt Re) 


T S © (6.4.41) 
fg + (1 + 0 Re’ 
If it is assumed that (14+ 2) Re >> Rg, then 
R b 
S œ= 1-H a Е б?) 


We notice from the definition of the stability factor in eq. (6.1.10) that itis - 
always greater then unity. A smaller value of 5 is preferred since the variation 
of I; will then be minimum. The stability factor S depends to a large extent on 
Ry, as seen from eq. (6.1.17). The variation of Ig due to a change in Top can be 
reduced considerably if Ry is kept large. Actually, what is required is that КЕШ 
ratio should be kept small —a condition that is difficult to satisfy in many situations. 


It is now quite simple to design the biasing circuit of the CE amplifier and 
meet the requirerients of a given operating point. The operating point is chosen 


152 BASIC ELECTRONICS 


as discussed earlier. The resistance Rg and equivalent resistance Rg are chosen 
to meet the stability requirements. Choice of Hy is also governed by the choice 
of Voo because of the drop Ig Rg across Кр. Finally Re is calculated by 
considering the drop Veg required for the operating point. 


We can obtain Ag = [^ ] Hg (6.1.13) 
Vs 
SN efl 
ne Ras = “Veo 4] (0.1.14) 
Ve | 


Example 6.1.3 

In a transistor circuit using npn silicon transistor, it is desired to have 
Ig = 5 mA and Vog = 5 volts. · A stability factor 5 = 3.0 is required. Calculate 
the values of Ag, Rg, Rg and Rg» Calcuiate the shift іп the operating point if 
the temperature increases by 60°. ‘The relevant parameters of the transistor at 
the ambient temperature’ are В = 150, Vig = 0.7V, Ieo = 20 nA; suggest ә 
suitable value of Veg. 

From eq. (6.1.12) we have, for S23, 

Hy = 2 Rg 
At this stage none of the specifications given can uniquely fix the value of Ry. A 
{rial and error solution is therefore attempted. 
Let us assume that Rg = 1 КӘ 
- then Hg = 2KQ 
Fom the eq. (6.1.9) 
_ 150 (V — 0.7) 3x10? 
= Sylow eso х10® 1. 2x 40° +151 х10% 
= 0.9810. 4(V p--0.7)+0.059 1076 
o Vg = 5:8 volts 

with a Vog = 5 volts, we can select Vog = 15 volts. 

From eq. (6.1.13) and (6.1.14) we can calculate 


4451 x20 10° 


{л 


AOE 


Прі == ES х2 х10# = 5.1710 = 51K Q 


540 10? 
Rp = E 0x10. 3.245x10°=3.3KQ 
5g T 1 


Ile == (15—40.8)/5 x 107 = 0.84K Q 
The temperature changes by 60°C. Since the Ico doubles for every 40*C 
change -of temperature the go will rise to 20 x26 =: 640 nA -Hence 
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А, = S. Alco = 3 X 640 nA = 1.92 uA. This is a very small change in Ic. 
However the Vpg decreases us the temperature rises. From eq. (6.1.9) 
differentiating 


Now АУ ре = —60 x 2.5 mV 
—150 mV 


y 


ds 150x150x107 
c= 7153 x 108 


or Alg = 0.147 mA, — a change of about 3% 
The drop across Rg is only 4.2 volts. A slightly higher Vog, higher than 15V, may 
be better. 


hence 


Example 6.1.4 


In the example 6.1.3 above, assume that # may change from 80—240 from 
one unit to another. Calculate the change of Ij over the whole range. 


Since Igo is very small, the effect of оо can be neglected. From eq. (6.1.9) 


| fa Уа Ўв) 
, ота (А) Re 
or Ig, = 492 mA where p, = 30 
В, (Vs — Ver) 


In = _+———— 
cr Rg ++) Re 


= 5,037 mA for В,= 240. 
Hence Ig,—Igy = (9.03. — 4.92) mA 


or Iglo = 0117 mA — а change of only about 2.496 


In these two examples if we had chosen Rg = 330 О. the values of the 
resistances and other parameters are 


Rp = 660 Q 
V, = 2.383 V 
Rg = 415 КО 
Rp: = 0.784 KQ 
Rg = 1.52 KQ 
Alo = 1.92 WA 


Ico 
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Ale | = 0,445 mA, a change of about 9% 

t У вв 

Me = 0.12 mA, a change of about 2.4% 
1B 


The change in J, due to a change in temperature is much more severe when the 
value of A, issmaller. As a matter a choice the Rp should be chosen as the largest 
value which can be accomodated consistent with the Vog and the drop across Ro. 
A value of S between 3 to 8 is a geod value to start with. 


6.1.2 CAPACITIVE COJPLING AND ANALYSIS OF OH AMPLIFIFES 

We shall now consider the requirement of how to couple the signal to the 
amplifier and taken an output from it. The signal to be amplified can be thought 
of as appearing across two terminals with a d.c. path and haying an internal (or 
output) resistance of r, and open circuit voltage V. When these two terminals 
are directiy connected to the amplifier input terminals, the  biasing 
of the amplifier would be disturbed. А d.c. current would flow through the source 
and the d.c. potential of the base terminal will change disturbing the operating 
point. Similarly on the output side, when the usual resistive load, is connected to 
the collector, a d.c. current would flow through ihe load changing the d.c. 
potential of the collector. It is known that d.c. does not flow through either 
capacitors or transformers. Therefore they are used to coupie the source 
and the load to the amplifier. Transformers are cumbersome and bulky and 
therefore. are avoided for the coupling purposes alone. They are however used 
in special circumstances where tunec circuits are involved, isolation (balanced 
output) is required or impedence matching is essentiai. Capacitive coupling as 
shown in Fig. 6.7 is quite common. The source V, is coupled to the input of the 


Fig. 6.7 Capacitive coupling in CE Amplifier 


amplifier by a capacitor C1 and the load R, is connected to the amplifier output 
by a capacitor C,. Now at least the d.c. condition are not disturbed. These 
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capacitors have very large reactances at very low (near zero) frequencies and there- 
fore such d.c. signals, or actually very low frequency signals, will not be amplified 
by this arrangement because they are not coupled to it. To amplify very low 
frequency signals both capacitors and transformers are avoided. The biasing is 
so done that both at the input and the output terminals of the amplifier a zero 
d.c. voltage isset. This can 5e done by using positive and negative supplies instead 
of a single supply. Such a practice is followed in operational amplifiers. 


... The emitter resistance Ry has been connected to stabilize the biasing but 
it affects the signal amplification also. Let us see how. When a signal Vs (t) 
is applied at the base terminal, a base current Ig (t) would flow. Due to the presence 
of Rp the I, (i) would be smaller than the value it had when Rp was not connected. 
Thus Ig (t) would be small and the output would be small. Alternatively, we 
can say that when a signal V, (/) is applied a collector current would flow which 
would cause a voltage drop Vg (f) across Hg. This voltage would oppose the 
input voltage V (2) and thus the net voltage appearing between the base and the 
emitter junction would be small. Assuming the gain to be constant, the output 
would be small. Thus, the presence of В. decreases the amplification. Since 
Rg, is used for stabilizing the d.c. current., the a.c. voltage drop across it can be 
made small or (zero) if the impedance in the emitter path is made small (zero). This 
can be done by connecting a capacitor Cg in parallel with the resistance Ry as 
shown in Fig. 6.7. The impedance of the parailel Rg—Cg combination is 


1 
НЕ: ED. А Re 
Zg (8) = 1 Ey sRgCr Fi 
mw 
iid 
or Zg (8). = os (6.1.15) 
s+ 
FigCg 


The voltage Vg (8) across the emitter is given by 


Vg (8) = Ze (8) . Iz (8) 
1 


Vz (8) = аа T | (6.1.16) 


S + 


or 


‚ ВкСк 
Бог йс, == 0 and the equation (6.1.16) simplifies to Vg = Ig.Rg | which is 


i 


the required bias voltage. For a.c. signal 
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Va (S) = z . Ig (s, which would be very small 


if Cp is sufficiently large. 
Example 6.1.5. 


In the circuit of Fig. 6.7 it is given that the current Ig = 5 mA and Ар = 1KQ. 
Find the value of Cg which will have the effect of a short circuit at 50 Hz. 

If we consider short circuit as having a value which ізт dg th of the previous 
value, then the reactance of Cg should be rgo th of Rg. Thatis 


toss prog о 
oCz Е 100 


ог (әск) < 102 
or 1/2 x х 50 x Св) S 102 
or Cg) 2 318 pF 
From eq. 6.1.16 


1 
318 x 10^ 
V, SUMMA cosas К oo ON 
gut wd M 
3445 x 10° 
ЗЛА Ts ($) 


For a.c. signals, the emitter is considered to be grounded and is thus common 
between the input and output terminals. The coupling capacitors C, and C, are 
chosen such that they offer practically no impedance at the signal frequencies 
of interest. Such an amplifier is commonly known as the RC coupled amplifier. 
Once the amplifier has been biased and an a.c. signal is applied at its input then 
for analysis purposes we can draw its a.c. equivalent circuit, as shown in Fig. 6.8 
The capacitors Сү, C; and Cg are assumed to be short circuit at the frequencies of 
interest. The power supply (or the battery) Veg is assumed to have no internal 
resistance as far as a.c. signal is concerned and is shorted. Biasing resistances 
Rpı and Hg, appear in parallel and are replaced by a single resistance 


X Hg. Hm 
Ra + Res 


The collector resistance Ry, and the load resistance Rg are in parallel and are 
replaced by a single equivalent resistance 


Rg 
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(a) a.c.equivalent 


(d) Complete equivalent circuit 


Fig. 6.8 Equivalent circuit of CE amplifier, 
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Rg cB. 
Ho +R, 


Вор, 


The device i.e. the transistor is replaced by its equivalent circuit in terms of input 
and output resistances т; and ту and a controlled current source gm Voe. The small 
letters for 7;, ro, r, indicate that these resistances are internal equivalent resistances 
and are not physically connected in the circuit. The final equivalent circuit is shown 
in Fig. 6.8 (c) and (d). У 


Vo(s) 


We now find the voltage gain G(s) mo Vus of the amplifier. First 
S' 8, 


Voe is calculated іп Fig. 6.8 (с) by applying Kirchofi’s current Law (KCL) at the 
node B, 


Voe Vue Уз Кы 
ч Hg T 
1 1 1 V. 
r Vy Г + == e РЕЗЕ 3, САП 
т Rg L2 ri 
or ai LEN US I nd (6.1.47) 
od 1 
Ts [ T, 
Now, we can redefine 
1 1 
Hg 7, 
lence 
4 1 A + eel) А 
Rg т Ti Ts 


Therefore, eq. (6.1.17) reduces to 


fü D 
ч sieve usta V. 
(А; + ) ", 


Vi = 


R: 


or Vy, = TEA (6.1.19) 


It is interesting to note that if the voltage source was ideal, 
then r, = 0 апа Vye = Vs. 
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R 
Now Vo erode) rae eee 
ow 0(8) Em V», m а: oi 
R 
oa CN UMS PME LU He (6.1.19) 


T, Есі, Ri +r; 


Therefore, combining eqs. (6.1.18) aad (6.1.19), we get the voltage gain 
Gy (S) as i 


Gy (8) = — Ral (В, +15) « (roRor/ro + Вор)-Ет (6.1.20) 


Normally the resistance rg > Ror and 


To = Ror R 
r + Hor d 
Then А сте an (6.4.24) 
8 Й 


The negative sign indicates that between the output and the input signals 
there is a phase inversion. ‘This is simple to explain physically. When the input 
voltage increases, instantaneously the collector current increases. The drop across 
Ro and Roz increases, and the output voltage decreases instantaneously indicating 
a phase difference of 480°. i 


If the voltage source was ideal, viz, r, = 0, then the gain from eq. (6.1.21) 
is simply — gm.Rcz. We find that the gain is reduced because of the source 
resistance r,. In fact, the internal voltage gain which is the ratio of the voltage 
output V, (s) to the actual voltage input V, (s) at the base terminal does not 
depend upon the.source resistance. The internal gain Gy, (s) is given by 


Vo (8) 
V; (s) 


In contrast. to the internal gain, the gain with respect to the source is called the 
external gain G,, (S) which has already been determined as 


Gy, (8) = = — gm Rep (6.1.22) 


“к NR 
бу, (3) R +r, + £m (6.1.23) 
The current gain G,(s) is the ratio of ihe output current J, (s) to the input 
current. The internal current gain is determined by considering the current 
through г, alone whereas the external current gain is found by considering the 
sourco current g(s). The equivalent circuit convenient for this calculation, is 
shown in Fig, 6.8 (d). 
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Combining r, and Ар and designating it as r,' we have 


V, 
T, (= Lue (6.1.24) 
i 
and in terms of the source current 
r ^ 
H(s = I,(9. —+4— 6.1.25 
(9 = LU. LL (6.1.25) 


Let us assume that ry > Rez, hence 


Ij() = 8m Voe 
Therefore, from eq. (6.1.24) and (6.1.20) we get 


I 
Gn (8) = a = £m (6.4.26) 
n 
Io (3) Emr" 
and G = M OU 6.1.27 
s I;(s) „+++ ( 
or Gre (8) = gm (ny | Ball, 


The input resistance hy, of the transistor alone in the CE configuration is 
r, and depends on r, and f. The input resistance of the amplifier as a whole is 
taken at the terminal (1,1), Fig. 6.8(b) where the source is connected. At this 
point the input resistance is the parallel combination of the transistor input 
resistance г; and the biasing resistance Rp. Thus 


т, Hg 


= 6.1. 
R = PR Rs (6.1.23) 


The output resistance of the transistor alone is ry which is usually very high. 
The output resistance Ro of the amplifier is taken at the terminal (2.2) Fig. 6.8.(b) 
where the load is connected. There it is the parallel combination of the output 
resistance г, of the transistor and the collector bias resistance Ro. Therefore the 
output resistance Rọ is given by | 
rs Hg 


Ro ae s Ве since r, > Ro (6.1.29) 


Example 6.1.6 


A GE amplifier using ап npn transistor of B — 120 has an Io = 5mA, the 
“Вк = Ro =1KQ and Ry =2KQ. This amplifier is being driven by (i) a voltage 
source of r, = 600Q and (ii) a current source of 10 KQ. Calculate the internal 


$ 
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and exlernal voltage and current gains, the input impedance and the output 
impedance. It is given.that Rz = 600 О, and ry = 100 KQ 


нен CERA d узул 
MTETZSTEBTI (2 к=. = i 3 

We have T, €^ Toma) 5:01 £s pn 200 te 107? mhos 

Hence r; = ry, z« (1 + B)r, 2:120 x 5 = 600 Q 


() For the voltage source Ts = 600 Q from’ eq: (6.1.22) 
Gy, (8) == — $m Ror 
| 1 х 10° x600: — 


= —200 x 10-3.— 
200 x 1072.—- 1600 


= +6 
From eq. (6.1.23), the external voltage gain 


В, X Во, 
QUAS Sta ваат 
| vel 1 £m R, EF 
now R; = 600 Q|| 2K Q 
= 461.5 Q 55 462 Q d 
"0:62 x 315 x 106 T wi 
ae Bree ааа a o TW 
hence! Gy, (s) 200:x " 262 X 10.6 x 109 
= — 32.6 
From eq: (0.14.20) ^ . jc | 
o^ Gu (sys gr, = 200 x 107 55.6 x 10% 
= 120 | ' 
Gre (S) ==\&т Ti Ї\Ёв "г 
= 200 x 40-3 x. .26. x 10? 


= 52.2 
(i) For the current source 
r, = 10K 
Gy (3). = — 75), 
R, = 0.462 K Q 


POPE REN eese ctm 
Gu (9) = 120 
| Ji G;, (s) — 88.32 ) 
The output impedance from eq. (6.1.23) in all cases is 1 КО since rọ is very 
large. 5 ; in : 
21 (45—7371983) 
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Example 6.1.7 


In a-transistor CE amplifier, the d.c. collector currentis 1mA and f — 100. 
Ro = 5КО, Ry = АКО and R,=600Q. The source resistance г, = 902. 
Calculate the external voltage gain and the input impedance. 


Since Го = 1mA 
r, =25Q 
Bm = 40x 1078 | 
and r, = т = 2500 Q 
hence В, = 2.5K ||4K Q 
В, =1.54KQ 
The external voltage gain 
RR. 
Gy, (s) = — 8m R nae 
1.54 x .536 
= —40 x 1073. 175 
Dasa ИВ 
= — 20.8 


6.2 Frequency Response of CE Amplifier 

It has been explained in the previous chapter that the frequency response, 
that is the variation of the gain and phase with frequency, of the amplifiers 
is divided in 3 regions for convenience — low frequency, mid frequency and high 
frequency. In the mid-frequency range neither the series nor the shunt capacitors 


are effective, that is, the series capacitors offer practically по impedence.and the. 


shunt capacitors offer very large impedance. When the series capacitors are 
ineffective in the mid-frequency range, they are obviously ineffective in the high 
frequency range. Similarly the shunt capacitors offer even higher impedance at 
the lower frequencies compared to the mid-frequency range and are, therefore, 
not considered in the lower frequency. región. The emitter bypass capacitor 
Cgíisa special shunt capacitor across R and is used to remove the feedback effect 
кч the emitter at the lowest possible frequencies. „Тһе: mid-frequency. analysis 
is what has already been done in the previous subsection. The gains and the 
impedances are constant throughout the mid-band. We shall next consider the 
behaviour of the amplifier at low and high frequencies seperately. 
6.2.1 Low Frequency RESPONSE 


First of all the low frequency region will be considered where the series 
capacitors С, C, and the bypass capacitor Cg as shown in Fig. 6.7, are taken into 
consideration. A general method of analysing the frequency charateristic at low 
frequencies would be to work. out the transfer function of the complete amplifier 
with all the three capacitors together. This approach would be very tedious. 
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A simpler approach is followed here by considering the effect of each capacitor 
individually. The overall equivalent circuit, at low frequencies is shown in 
Fig. 6.9 (а). It is assumed to start with that C g is very large and Ар is virtually 
short circuited. The emitter is at ground potential in this case 


(a) Complete equivalent circuit 


The input coupling capacitor C. is cheered first. The equivalent али of the 
input side is shown in. Fig, 6.9 ind i Í 


(b). Input circuit only S Ч 


Fig. 6. 9. Low Frequency Equivalent Circuit of the CE Amplifier 


The voltage Vag) is given by 
Vs(s) x Ri E ү 


M. = Vs) = У ” 
Fiske 
r, Hr FA 

dial Y, (9 (6.2.1) 


or 000) = Serr, + RTT 


where т; || Rp = Ri 
the output of the amplifier Vo (s) is, thus, 
Vo (8) = — Ew Vy, (8. Rex 
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4 
Фә: асаа 
(Ri "e rjCi 


lt is thus seen that the gain at low frequencies is a function of frequency. The 
input équivalent circuit in Fig 6.9 (b) is similar to the high pass filter discussed in 
5.5. and the gain Gp (s) in eq. (6.2.4) has the same form aseq.5.5.6.: The variation 
of gain and phase versus frequency is plotted by taking s= jw in eq. 
(6.24). The results are shown in Fig. 6.10(a) and (b) The break point or the 
lower ЗАВ frequency c; is given by the pole of the gain function as 


з 5С, Я Ri : 
; | e —8m Ron sC, (Ritr,)+1 е Vs (s) (6.2.2) 
Rewriting eq. (6.2.2) as Gy (s), we have 
; Vo (в) R s 
G —— wr S TIPPI EEEN, .2. 
у (8) Y. (S) £x. Hor Pa E de N i (6.2.3) 
: (Ri-7,)€; 
^ ; | Ё фи qu Rez mo 
From eq. (6.1.21) we can write Gy mia = г "^R TE 
aud 6005) = Gy mas f (6.2.4) 


db { ү LABS CI 7 ЖМБ 
o 
т 
s é 
$ 
90 
о) 
OL p © Wat 
Frequency —e t NE) p '; Frequency —e 
(a) Frequency response © qu (b) Phase .trequency ; 
Fig. 6.10 Low frequency response due to input coupling capacitor 
fa. Manin 
? 1 
[0] = ———————— 
? (Rtr) C 
1 5 
ог (6.2.5) 


ly 7 (Н, Ет) Су | 
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Example 6.2.1 
In an RC coupled CE amplifier, the coupling. capacitor C, is ; 20 pf. Find 


the value of lower 3dB frequency if J, = 2mA, R, = 4.7KQ, В = 120 and 

r, =600 Q 

Now I= 2 mA 

hence т = 12.52 
Втеча ть = 1.5 КО 


В, = r|| Rs 
15 х 4.7 
"TRPIT ВА 
or. А, —144 КО TAM 


From eq. (0.2.5) we have 
f= fir шы чин 
Po quit (В, rii Са!) 1 
d 1 
— 2m x 1.74 x 10? x 20 x 1079 
= 457 Hz. | 
The source resistance r, affects the 16 Wee cut-off frequency of the amplifier. db 


The effect of the output coupling capacitor C; on gain can ‘similarly, be, 
analysed by considering the output circuit as shown in Fig. 641, In a manner. 


Output coupling capacitor 


Fig. 6.11 
ven similar to the one followed in deriving eq. (6.2.1), we will have the output 
voltage Vo (s) as 


sC, Ry, ( 
Vo (8) = — Em Vy, . Ес. s UR ER) +1 | (6.2.6) 


Rewriting eq. 6.2.0) we will have 
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Vo (S) = = gx: Vy, Вор 1 


it xaos AW (6.2.7) 
(Ro + Ry) Cs 
where Ho; = А, || Rz 


substituting V,, in terms of-V, (s) from eq. (6.1.18) in the eq. (6.2. 7) we will get 
8, В, 
cc am mn *" 
(Ro + Ry) C, 


Vo (8) = — £j Ror. 


The gain Gy, (s) is, thus, 


v () = — Gy mia · ЕЕЕ БӘ ГҮЛҮ ЧЕН (6.2.8) 
Bel eee eee | 
(Ri + Ry) Cy 


Thus, the output coupling capacitor afiects the gain in a manner similar to that 
of the input coupling capacitor and the frequency response is as shown in Fig. 
6.10. The lower cut-off frequency due to the output coupling capacitor C, is 


iar Ж (Re + Ry), (6.2.9) 


Truly speaking both these capacitors should be АЕ, together and then the 
frequency response should be analysed. The expression for the gain becomes a 
little cumbersome and the effect, of individual poles would not be seen seperately 
particularly because the poles are close to each other and interact. 
Example 6.2.2 | 

In ап ЁС coupled CE amplifier shown in Fig. 6.7, it is desired that the lower 
Зар frequency is 20 Hz. It is given that; = 4mA, 8 = 100, Rc = 1KQ, Rg = 5kQ, 
R, = 6000 and г, = 600. Calculate the values of C; and C, individually 
to give an f, of 20 Hz. What will happen if both are present together ? 
Assume the emitter as completely bypassed. 


Now т, = 06.25 
n FB г, = 6259 
crow d OR = Rg || ri = 0.55KQ 
Roz = Rc || R; = 0.375KQ 
For f, of 20 Hz. ar the input circuit we have from eq. (6.2.5) 
1 


EY o 
2л (.55 +- 0.6) x €, x 10? 


(€——————————— M 2 
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or Cy, = 6.9 pf 
similarly for a f; of 20 Hz at the output circuit, we have from-eq. (6.2.9) 
4 
20 


= m (A +08) x Cy х 10° 
or C, = 5ypf 


Now if these values of C; and C, are used in the circuit then there will be an 
interaction and the actual lower 3db frequency will be higher. If two circuits 
have the same f, the actual f; of the overall amplifier can be shown to be fz1/0.64. 
In other words if the. f, values are designed to be about 13Hz for both the circuits 
individually, then the overall 3db frequency will be 20 Hz. 


Another commonly used technique is to stagger the lower 3db frequencies 
of the input and the output circuits. "Thus, when C, is doubled, the response due 
to C, will be 3db down at 10Hz instead of the 20 Hz. The overall low frequency 
response will then be governed by C,. We could have changed C; instead of C, 
as well. 


6.2.2 ErrroT OF THE EMITTER BYPASS 


The effect of the emitter bypass capacitor is taken up next and’ C, and Ca 
are assumed to be a short circuit. The corresponding equivalent circuit is shown 
in Fig. 6.12, The emitter now is not really common between the input and the 
output terminals. Let us find the gain Vo (s) / V, (s) of the circuit in Fig. 6:12 in 
terms of the emitter impedance Z, which is the parallel combination of Rọ and 
Cg. There are 3 nodes B, E, and C in the circuit besides the ground node, The 
output voltage V, ($) is given by 

t Vo (8) = — 8m Voc / Roz 
Since g, Vve is the current flowing through Roz. To find Vp, we use KCL at the 
nodes В and E and call these voltages as Vz and Vg respectively. ` 


Fig. 6.12 Effect of Emitter bypass capacitor 
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At node B, 
ККА АЫ С E 
Tg Rg n 
bo de d $27 p 
or, Уй TAS i) Ув — a Vent ж (6.2.10) 
At node C, 
Va > Vs Vr p ч 
+ z, 5 (Vg — Ук) = 
t aig t 0944 Sup ; н 
ory | mi (en Hh z) d (zt qt Sm) Ve 0 (6.241) 
ek ord 
R 5С, R С, 
where Zn = 15 m ^ MEIN 1 
rc бйр sois RC 
and Voe = Vg — Vg 


From: equations (6.2.40) and. (6.2.11) die: node окон Vs and Vg can be 
computed as 


Y. a! 
Vest % A 
4 1 
0 zi * us Hgm 
Yt | 
or Ts GEF +) 
B. A 
where A is the determinant 
EE A 
Ta TN Ta " 
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1 1 1 1 1 1 1 

IUS Bo ecciesie] в — = бос 

or (= TR A +5, te) 5 (e = 
Rearranging terms and writing Ау = Ар || тү we have 


1 4 14 C+) y (s rn) 


po usc He et aee рт, 
Now, the voltage Ур is given by 
PT MIU у, 
A а Бады ыш, 
24 y, 1 
-(m + б} (ы 
Yee FUIT, MA UT А 
h ДИК nd 1 
p. (++) m + 
n Ly Uu “лч 
0 Va) а 
j Toke m« 
NL. {ү 6.2.12) 
or Voe Ar (z) ( ENE | 
"Therefore, ; 5 
Vo (s) = — £n. er һе | ail S ЛЫ 
ond И (8) 1 
29 19 Bw Pp А 
The voltage gain Gy (s). 
Vo (8) 1 1 
| МЫ P i gh Rng se ze. he ‚ (6.2.13) 
Gy (S) V (9 Em- Кот, PIU i; : " ( 
Now | н 
t bnt aed нао ЫШ алаа о К 
КОЛ NES 1 ^41 1 448 (Ав Рт) у. 
e Li. Ne ASTON Se rey N 
ies ү: Z1 22 HP. NU NN ) 
— 1 i A 
Я B Г 


22 (45— 73/1983) 
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Арт 
Rr Ж“ a eee (1+8) Ze 
a Ry 


п een E 


Rg +% 
because R, = Fp: f^. id NE 
Re+ ; 
Rx Rett _ Rely x Ratt _ Retr 
i caa r WE e ары 4 LIAC. 
Rp. ri Rg-r7 Rpt, Rg +r, 
The voltage gain Gy (s) now becomes 
GG) АА ee (6.2.14) 
| Boone Ref) 2 


We now have an interesting and general expression for the voltage gain of the 
CE amplifier with an emitter impedance. This expression will be of great use:in 
feedback amplifiers and a similar analysis will be used for emitter followers. 
For example, if there was no emitter resistance and thus obviously no capacitor, 
then Z, = 0 and the voltage gain from)eq. (6.2.14) becomes 


whieh is the same as eqn. (6.1.21) derived for a CE amplifier. In many situations 
it is necessary to connect a small resistance in the emitter which is not by-passed. 
The situation can be illustrated as in Fig. 6.13 where R,, is the unbypassed and 
В» is the bypassed resistance. For mid frequency ranges Rp, is assumed to be 
completely bypassed or shorted and the emitter impedance Zg = Rpr 
‘The voltage gain in this condition becomes, from eq. (6.2.14), 

-Ri 


Gy (8) = — Е, Rox = » LN (6.2.15) 
: BT” 


Rtn ERE f) Rn 
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We find that the unbypassed resistance Ry, reduces 
Res the voltage gain. This, as was explained earlier, 
happens when the Rẹ is wholly or partially unby- 
ce passed. To compensate for this loss in gain the 
ius capacitor C, is required to produce a short circuit 

+ across A, at the frequencies of interest. 


Rez 


Fig. 6.13 Partially bypassed 
emitter resistance 


Example 6.2.3 


A transistor amplifier has Ry = 2K О Rg = 4.7K Q and Ry = ЗК Q and 
А, = 600Q. The transistor parameters are r,—1.5K Q, # = 120 and г, = 
100k О. A part of the emitter resistance Rg, is left unbypassed. Calculate the 
value of Ry, required to | obtain a gain б (s) of —10 if r, = 600 О. What is 
the gain if whole of Ry is bypassed. 


We have R, = 1.14К Q and from eq. (6.2.15) 


ede 144 x 10° ` 
cus 108 +0. 6 x 10° +747 +06 


—10 = —.08° .5 х 
ТЕ i) X 121 Hg, 


10° (1.74 + 0:103: Rg:) = 45.6 x 10° 
or Ry = 425.8 Q 


Hence let Rg, = 425 Q and Ry, = 2000 — 425 = 15750. 
If Ар» is also bypassed, the gain from (6.2.15) is (Fig; = 0) 


or Gy (S) = —262 
Let us now go back to finding the effects.of Су or low frequency response of 
the amplifier, the purpose for which the generalized gain expression has been 
derived. Since our interest, now is on frequency response, we simplify the expre- 
ssion by suitable approximations and assumptions. ; 


Let pi ala ies K, some constant factor 
Rg + ч 


In many practical situations Rg > "s or T and so KS 1. 


№ n 
iw К | 
oT 
d IE 


di et the denied eq. 6244 


Св 


Gy (къ wed 
а 8 ж ЧЕ ieri a 


HE oem кё 
dosteo ГЕ "JH 


RB tt ge, Cx Cy (Re +) 


ол ді р, bangs cede 


ИЕ РЬ 


the gain of eq. i 2: m bu - [o ue 


5 d i s ^ А 
Q QA RAONS e бонка УНА, ed 
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к= dun tu^ Tea еле 
(А, +r) B 
Ce Re) — R, +r, EK. Bg ] 


o'z is the pole and Opis the zero and @’,;>w,. The response for such a gain 
function would be as shown in Fig.6.14. We see that as the frequency is 
decreased from the midband value the gain starts decreasing. It decreases by 
3dB ato = o's. When og < O'g the pole and the zero do not interact. At 
© < ор, the frequency response becomes flat once again. If we neglect o, 
then the gain function at low frequencies is similar to that due to the coupling 
capacitor. The lower 3 dB frequency due to the emitter bypass capacitor Cg, 
assuming ор to be much smaller, is given by 


“midband 


Frequency —e ' 


Fig. 6,14 Frequency response due to emitter bypass capacitor 


4 (6.2.19) 


„= ix 
nit, er, 
Ht Ca Ra ат р) 
y Gl Rg Eom 
^ ua К.= ТОГУ 


Example 6.2.4... j iy 

The transistor amplifier of Fig. 6.7 has/,—2m A, R,— 2KO, Ар = АЛКО, 
Re = 3KQ, A, = 600 Q, r, = 600 9. The transistor В = 120. "A capacitor 
of 50Upfis connected across Ag. Calculate the value of a, and o'g 
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r, = 1250 
R; = Bg it; = 1.4 KQ 
Ror = Ro | Ry = 0. 5KQ 
The frequencies оз and /, are calculated from eq. (6.2.17) as 


O'g = ud 
TO Be qe 
iu AM aa ! 
and 1510 gaz 6 A ed dice ai cene e 
ч С.Н Rir oe Tedgdtis 
В, +R, Ат, het 
Thus 1 


fa = $3303 x 10 x 50 x107* — 1,59 Hz 


1.59 
aai н CA PT Ж г. 
[59% 6 + 0.855 x 120 x | 
= 189.0 Hz 
Since К = "2+" _ 9gss 
B 


We find that f'g > fg and the approximation can be made that f, = 189 Hz. 


The effect of the three capacitors on the low frequency response of the 
amplifier has been analysed and lower 3dB cut-off frequencies calculated considering 
the effect of the capacitors seperately and individually. They are summarised in 
Table 6.2. Values of capacitors required to get the lower ЗВ cut off frequency f; 
at say 50 Hz individually, are also given in the table assuming practical resistance 
values in the amplifier. Computing the overall frequency response due to all the 
3 capacitors taken together would again be very cumbersome, It is seen from the 
table that in order to get a desired lower 3dB frequency, the emitter bypass 
capacitor C, is required to be very large, Thus C, primarily governs the low 
frequency response. A proper C, is chosen to give the desired low frequency 
response, and then C, and C, are chosen to be much larger (say 10 times or more) 
than the values which would ‘give the desired; fz, individually... Since C, and C, 
are much larger, their 3dB frequencies are much smaller than that due to the Cg 
and thus do not affect the. low frequency response, 


= 
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Table 6,2 Lower 3 dB cut-off frequencies 


[ Typical Circuit Values : Rg = 40 KQ, Re = 1 КО, Ic = 4 mA, Rr, = rs = 600 О, 
Ro=1 KQ, B= 80 | ] 


Due to tL C for fy, = 50 Hz 
QOO Тш AE WR 


1 


1. Input coupling capacitor RR SA o HED 
27 (Ri + rs) C, 


6 uf 


1 
2. Output coupling capacitor s 2 
BF ta 2m (Ro + Rp С, “е 
3. Emitter bypass capacitor 1 T 250 uf 
Ri + rs j 
2 Ck Rs C R к Re? 
Rp +rs 
Reg +r 


‘with к = 


Example . 6.2.5 


For an amplifier having [o = 4 mA. and Hg = Ro = 1 КО, г, e R, b 
600 0, Яр = 4 KQ, it is desired to have a lower 3 dB frequency of 50 Hz. Fix 
the values of C, C; and Cy. diii bà 
From, the table 6.2, it is seen that for the values given 
С1=6 uf 
Cy=2 pf : 
and Cg=250 pf B 


Since Cy is quite large, it is good to leave it undisturbed, The lower .3 dB 
frequency points due to C, and C; can be staggered to much lower values so that 
they do not have any appreciable impedance at 50 Hz, For examplejif C, = 
60 uf and C, = 20 uf then their lower 3dB frequencies will be at 5 Hz and the 
amplifier as a whole will have a lower 3 dB frequency of 50 Hz, governed. solely 
by Cg. 


6.2.3 HIGH FREQUENCY RESPONSE TE 


We shall’ now discuss the behaviour ^f the amplifier at high 
frequencies, The coupling апа the bypass capacitors are virtually short circuit 
at high frequencies and their reactances become negligibly sinall. The ‘capacitors 
which come into play at high frequencies ore those which appear in shunt between 
the input and the ground and the output and the ground terminals, effectively 
making it a low pass filter circuit as shown in Fig. 6.15, Usually no external shunt 
Capacitors aro connected deliberately unless the high frequencies are required to 
be removed. "These shunt capacitors ave either present inside the device or they 
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Input or Output 
terminal 


F Shunt 
Source i) Capacitar 


Fig. 6.15 Low Pass filter due to shunt capacitors 


are caused by, the input and output capacitances of the circuits and system 
including the stray capacitance, to which the amplifier is connected. .. 

In the bipolar junction transistor the uncovered charges of the depletion 
layer constitute a junction capacitance known as the Transition capacitance. 
Since the width of the depletion layer depends on the applied voltage, thetransition 
capacitances varies with the voltage. „For a reverse biased junction, the transi- 
tion capacitance decreases as the reverse voltage is increased because the width 
of the transition region increases. The width of the depletion layer decreases as 
the voltage is increased in a forward biased junction and therefore the transition 
capacitance would increase with applied forward voltage. The forward biased 
junction has a Diffusion capacitance in addition to the transition capacitance. 
The diffusion capacitance is due to the excess carriers injected in the junction 
when it is forward biased. In a forward biased junction holes from p side are 
injected into the n-region where they become minority carriers. Similarly the 
electrons injected from the n-region become minority carrier in the p-region. The 
densities of these excess minority carriers on the two sides are maximum near 
the junction and decrease gradually away from it. This storage of charge gives 
rise to the diffusion capacitance which is many times larger than the transition 
‘capacitances. The total capacitance appearing across a forward biased junction 
5s the sum ‘Of the diffusion and the transition capacitances. No diffusion capaci- 
tance exists for a reverse biased junction, The diffusion capacitance is proportional 
to the forward current. ‘The order of diffusion capacitance ranges from 5nj to 
105 nf whereas the transition capacitance із of the order of 3-8 pf for the silicon 
planar transistors. 

In a transistor the diffusion capacitance appears across the forward biased 
emitter-base junction and the transition capacitance appears across the reverse 
biased collector-base junction. The equivalent circuit of, a transistor discussed 
earlier in. section 5 is modified. to include: the capacitances. and ‘is drawn in Fig. 
6.16. This equivalent circuit is known as the hybrid-z (Giacoletto) model 
of the transistor. The capacitors C,’, and..C;', are the emitter and. collector 
junction capacitances mentioned above. Gitt 


The resistance 7,," is the bulk resistance of the semiconductor material between 
the external base terminal B and the active internal basé point B’ in the device. 
Its value is of the order of 50 су. Also, 


| 
| 
| 
| 
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Fig. 6.16 Hybrid —7 equivalent circuit 


LU E (6.2.20) 


9 APT dendi 
The input resistance r, hetween terminals B and Æ as defined earlier is truly 
т = Ty! + Toe eA b'e i (6.2.21) 
Since тр, 2» Tob 


The resistance r,/, accounts for the feedback effect between the output and the 
input due to the base-width modulation. Its value is very large and is 
omitted in our analysis. The resistance 7,, is the output resistance between the 
collector and the emitter terminals and is equal to ry as has been defined earlier. 
Since this value is very large, it is neglected in comparison to Ro, (= Re | By). 

The effect of the capacitance C,’ in shunt with rj, is to reduce the voltage 
V, (S) at higher frequencies. Since the controlled generator is g,, V, the output 
will decrease ‘with frequency, The frequency at which //® Cy, = yu 8 known 
as the Beta cut-off (ор) frequency of the transistor. As the frequency 
is increased further, the current gain of the device goes on falling and at the 
transition frequency, ол, the current gain is unity. p is a parameter of the 
transistor which is specified by the manufacturer and indicates that 6 = 1 at this 


frequency. Fvidently, therefore 


о> = б, Op 
“oF oy = е 1 (6.2.22) 
hence Cy, = - EM (6.2.23) 
) T, Op Op 


since rye = fr, 


fp = 


x may he anywhere between 100 to 1000 MHz. for silicon transistors. 
Т. 
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The capacitance C,; is dependent upon doping, geometry of the junction 
and the packaging of the transistor. (С, has a value of 3-8 pf for silicon planar 
epitaxial transistors. It may be higher in some alloy junction transistors. 

The equivalent circuit of the. complete single stage amplifier at high 
Vols) 
Vs(9 
can be found by simplifying the circuit in Fig. 6.17 (a) Converting the voltage 
source to a current source to the left of the terminal B, combining rg and Rp, 


frequencies is thus drawn in Fig. 6.17. „Тһе, transfer function G,(s) = 


converting back to voltage source Vs as and finally applying Norton’s 


% 8 
theorem again we find the situation asshown in Fig. 6.17(d). The transfer function is 
quite complex to calculate and therefore we shall attempt some simplifications here. 


c Vots) 


$ s ts Ra- 
V 2 Vs (67) 


(с) Back to volt gen 
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(d)... Modified. circuit 


Fig 6.17 High frequency equivalent circuit of transistor CE amlifier 


Let us assume a current I through the:capacitor Съ. We shall express this 
current I in terms of the voltages У; гапа Vo(s) which would enable us to remove 
Су, from between the nodes B’ and С and place the equivalent capacitors between 
B'and E and between C and 2: The equivalence should guarantee that the node 
currents at.B and C remain ünaltered. This simplification is due to Miller and 
gives fairly accurate results. 


Now T = sCy4Vy, —Vo) sort Maid e40:2:24) 
iud ntn 
| от [== % vids fa ae 
V, AL "ve qur 
Let LE = — G (s), then | 
or I = s [Cye 1 GG), (6.2.25) 


As far as the B" terminal is concerned the current flowing out of it is given by this 
eq. (6.2.25). The same current will flow out if a capacitor of value Със (A + G() 
is connected from B' to E and B' is disconnected from the collector. 

Similarly at the collector terminal C a current of /' is going out 


P= су Vols) — Vard) | 


Ld 
=s Cy, Volo [1 — SEO 
= (#6, и + wl i Vols) sd. uno (6.2.26) 


` Thus, as far as the collector terminalis concerned the same current will flow if the 


-4 $ 
C and В’ are disconnected but a capacitance of Cy, (1 +70) is connected- 


.from C to E. The nodal equations 'at the nodes В’ and С are 
satisfied if the circuit of Fig. 6.17(b) is redrawn) as in. Fig. 6.18, The two new 
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B C Vols) 


= oe 
ur 
у; C3 ‚© Ө >. 
2 и >с 
[X75 w 3 Tue 
o [5] У 


Fig. 6.18 Miller's equivalent circuit 


4 j 
capacitances (1 -- G) C^, and (1 +z) Cy, are known -as the Miller's capa- 


citances. Since the gain G is much larger than unity, the capacitance at the collec- 
tor terminal is approximately equal to C,’,. (1 +), Cp’, in parallel with 
Су, makes the base capacitance quite large. In conjunction with the resistances 
shown the high frequency response is governed, therefore, more by the base circuit 
than the collector circuit, 

For the calculation of the high frequency response, therefore, the input circuit 
of Fig. 6.48 is again simplified to the one shown in Fig. 6.19. The actual values 
of R and C are given by | 


(г' + Г, ,) T, 

y E DIT DLL 6.2.27 
n + Typ! + Ty, ( ) 
dnd: Cio Cu lt GHC py (6.2.28) 


58 


[x Comm] 


Fig. 6.19 Final Equivalent Circuit 


"The voltage Vy, can be calculated from eq. (6.2.27) and (6.2.28) as 


nats es eR Ru 
V, „„ = Ss LAINETE er Eme n i 
ГА T, ( ry + Typ! ) sCR +1 (6.2.29) 


From Fig. 6.18 
Vo = bm Vy. X Ror 
neglecting Сур at the output 
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14 
Непсе y. = — gm Воі, 


8 


[den 60 


The frequency dependent term is only given in the last bracket of eq. (0.2.30). 
Rewriting eq. (6.2.30) | 


Vo pt 
a = —&„Йоһ Es r, Je n , ct т) Де (6.2.34) 
The eq. (6.2.31) shows one pole at og = Po Hence the upper 3 dB 


frequency is given by 
1 


Op TOTO. (6.2.32) 
or Oy = c i с ibo dau us (6.2.33) 
ry Typ! ть 
КЕРИ, оње + 00] 
Now G has been defined as — e. = gy Ror © Ror 
Vw, т, 
substituting in eq. (6.2.33) 
ro + Ta Her, 1 
UM ae AEE CR (6.2.34) 
(rry) Br, 1 ( «e 
RETE 


If we neglect гъ in eq. (6.2.34) and assume that Ro, > Te then we can simplify 
it as 


1 
oy = = E - | (6.2.35) 
rt Ror Cy, 
On 
Similarly the gain equation can be written as, assuming that Ry т, and 
neglecting ry» : { 


А ы; ole 6.2.36 
[ACH a7 £n Вор. VS +5). S o. T On ( ) 


Va (Огеш 6; (mid), — (62,37) 


Ys (в) # он 
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=50о R, = Ry = 2KQ, 
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The frequency and phase response are shown in Fig. 6.20. 
= 8 pf. Calculate Cy, 


Example 6.2.6 
In a transistor amplifier Г, = 2mA, B = 100, Typ’ 
= R,-000Q, o, = 250 MHz, Се 


HR, = 0.68K Q, г, 


and the oj. 
; Sine I, = 2 mA 

Ет = 80moO 

or d Me 2::42.570 
Em 
r= r, || Ra = 0.462 K Q 
ryt тър = 462 + 50. = 512.0 
also ry, = Br, = 1250 9 — 
Ry, = 0.462 K Q 
db 
A ziii. ii Te 6 db/ octave 


Frequency —»- 
(a) Frequency response 


Т 
Frequency — 


(b) Phase response 


Fig. 6.20 High frequency response of CE amplifier 
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1 


Now Cy, rcm 


1 
= 42.5% 27 х 250 10% 


or Cy, = 50.9 х 10°? 
We can calculate R and C from eq. (6.2.27) and (6.2.28) as 


Hu (ry! + Top!) Tore 
Tat 1 Typ! + Tye 


0.542 x 4.25 
= 0991195 " U^ 
R = 036 KQ 


and C=Cy, + (1 + Roz ва). Су 
50.9 x 1073 + 3.88 x 10718 
or С = 164.8 pf 


CA Ud 1012 
InRC пх 300 x 1048 


Hence fy = 


6.2.3 ор AND © 

The capacitance C ye is normally specified by the manufacturer as С, in the 
data sheet of the device.; The capacitor Съ, is not directly given in the data 
sheets. It is obtained from a parameter fp defined as the frequency at which the 
short-circuit current gain of the CE transistor becomes unity. fp is specilied in the 
data sheets. Let us consider the CE equivalent circuit shown in Fig. 6.17 for 
calculating fp. Ш we short circut the output, that is make Roz = 0, then С and Ё 
g c 


B — lis) 


Fig. 6.21 Equivalent CE circuit for short circuit current gain 


terminals are at the same potential. Under this condition we can redraw the 
circuit as shown in Fig. 6.21. The current gain G, (s) is calculated as 


184 BASIC. ELECTRONICS 


d 1 (8) _ 7 Em Vila 
G "m dp es 
10” сту = T 
Writing Vys, in terms of J, (s) 
j 1 
ly. X — 
— Em: - I, (s s) v s (Cy, 2s Cy) 
Сү (s) LO ks i Шу T 
ry, + —-————- 
ЕЙ s (Cyr, Pus Сы) 
1 
lh, (Eco UE Ы 
EB (Сы АС) 
á 
sd 


Tore (Core + C») 
since и Ty, = f, and hence 


о 
С, (3) = —— 
18) s + os 
1 
where o, = 


Tole (Cy, + Cy) 


(6.2.38) 


(6.2.38) 


(8.2.39) 


In equation (6.2.39) we see that the short. circuit CE current gain at medium and 
low frequencies is h, At o = о f, the hy, falls by 3 ав. The frequency f, 
is known es the £ cut’ off frequency because at this frequency the £ decreases by 


3 dB Thus 
ж 1 
жрм Tyre (Core + Cord) 


1 
Guil ipsi AEs 
2m ry, Cog 


i Бул 
Now E (s) TT d 
h. 
от G,() = је 
pun 2 
Op 


Putting $= jo! 


` (6.2.40) 
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G; (jo) = КҮШ, d 26 E 
ED TS 
Hence (€, 0o] = Eno NIE 
o Y 


Now the magnitude of С (о) is unity at a frequency defined and 


16,00) | = 1 atf — fe 


Therefore | 
Ip e Ме «fa = b. Їз (0.2.41) 
or On = PO, 
1 


Using the value of s = 
Een s И 2л ry Cy, 


we rewrite eq. (6.2.41) as 


1 1 
Fite B 2л т, C ye oe 2n Bre-C o'e 
1 
Hence Cy, = IP FAUNE (6.2.42) 
етт 


This is a very important relation. From a given f and В, f, can be obtained and 
Cy, can be calculated using eq. (6.2.42). It is seen that C,,, is calculated directly 
if the operating current is chosen since r, is governed by the collector d.c. current. 


It is now possible to draw the complete frequency response of the amplifier. 
The low frequency and the high frequency cut-off frequencies are separately 
calculated. Since fy > fy, the bandwidth which is fj, — f, is usually taken as 


fy only. 


Example 6.2.7 
The circuit diagram of an AC, coupled amplifier is shown in Fig. E.6.2.1 
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Уе 


Fig. Е. 6.5 


The values of the components аге С, = C,— 25uf, C, = 500 uf, [„=2шА, 
RyQ—1KQ, Ret Rp = Rg —3KQ, Ry = 2.2 KQ. The transistor para- 
meters are Ё = 200,:С,, = 3 pf, ј — 200 MHz. Calculate the fg, f; and plot 
phase response of the amplifier. 


ү Neglect rj," It is also given that r, = R, = 600 Q. 
Р Since Гс —2mA 
we haver, — 12.5 Q 
ry', = Вт, = 200 x 12.5 = 25 KQ 
Em = 0.085 
r'a =", || Rp = 500Q 
Ror == Ro ll R, = 4709 
E i on = 63.6 pf 
R; = Rg || т, = 1.36 KQ 
Now the effect of C, can be calculated by finding tule, from eg. 6.2.5 as 
1 
fale T BRUIT) Cy 
= 3.25 Hz 


С, — 


Similarly fzl C from eq. (6.2.7) is 
2 
ox | 1 


fale, = эт (А + Ry) C, 


* = 227 Hz 


From eq. 6.2.19 we сап caleulate the f; | Cg as 
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Suis cu Athy 
C, 21(С, 8) Ё, +r, + KBR, 


or f,| C, = 21.6 Hz 


f; 


We can calculate f; by finding Rand C of (6.2.27) and (6.2.28) as 


0.5x2.5 
R 7054125 —047KQ 
C = 63.6 x 10-1? + 115.8 x 10712 
= 179.4. pf 
1 
Hence fy = WeRe = 2.12 MHz 


The lower 3dB frequency is virtually decided by C, and is 21.6 Hz. The bandwidth 
is thus (2.12 x 109 — 21.6) HZ & 2.12 x 108 Hz only. ў 


The phase response is plotted: with the help of plots shown іп Fig. (5.16) 
and Fig. (5.15). The frequency and phase response is shown in Fig. E 6.2.2 (a) 
and (b). e uy 


6.3 FET Amplifier 


The operation and the characteristics of the field effect transistors have been 
described earlier. We shall now discuss and analyse the operation of a FET 
amplifier. Just like the BJT, the FET is biased to operate at а desired drain current 
Ij and drain-to-source voltage Ур, We shall take up an n-channel FET only 
but the techniques of biasing would be the same for a p-channel FET except for the 
reversal of the polarity of the power supply. 


6.3.1. SELT Bras ; 


We shall discuss the most commonly used common source configuration 
of the FET amplifier. In fact the biasing would remain practically the same but 
the input and output terminals would be changed in the other configurations. 
The gate-to-source junction is always reversed biased in FETs. The gate has 
to he at a negative voltage compared to the source for an n-channel FET. The 
drain-to-source d.c. supply is positive to enable the majority carriers to travel 
from the source to the drain. А seperate negative supply may be used for the 
gate-to-source biasing. Alternatively a resistance is placed in the source lead 
as shown in Fig. 6.22. The current flowing from drain to the source would 
develop a voltage across this source resistance R , with the source end being positive. 
Tf the gate is connected to the other end of the resistor R, through a resistance 

2g then the gate is biased negatively with respect to the source. From the Ipg 
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Degrees ——» 
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Frequency ——» 


(a) Frequency response 


(b) Phase response 


Fig. E. 6.2.2 


Fig. 6,22, Self biasing of the FET amplfier 
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versus Vps output characteristics and the Ip, versus Vg, transfer characteristics, 
supplied by the manufacturer, the required Va, for a given Q point is read out. 
The resistance HR, is then given by 


V, 
R= esl (6.3.1) 
Ths 
The resistance Rp is calculated as 
Von —V ps Ез. 
ul {шы шш. -1ng (6.3.2) 
Ds 


The gateresistance Rg is provided to give a d,c path between the gute and the source. 
Since the gate-source junction is reversed biased, its resistance is quite large and 
the input impedance of the FET amplilier is decided by the Rg. Therefore Rg 
can be chosen to be very large except that its value should be smaller than the reverse 
resistance of the G-S diode. Also the reverse saturation current, which is extremely 
small, a few nA, should not cause an appreciable drop across Rg. — — | 
Usually, the output and the transfer characteristics supplied by the manu- 
facturer is required for calculating the values of the biasing resistances. It has 
been pointed out earlier in chapter 3 that the transfer characteristics of the FET 
may he approximated by the following relation 
Vas V. 
Epil og = pgs (1 = Y- $55 
where Г, is the desired drain current, 
Ings = Ing With Vog = 0 
and V, = Pinch-off voltage (it is a negative voltage for an n-channel FET) 


The voltage Vas can be found using the relation in eq. (6.3.3) and the characteristic 
curves are not needed. The parameters like V, and Ipgg are, however required 
to be known and the manufacturers normally specify them. 


Example 6.3.1. 


A FET is to be biased for a 5 = 2mA and V pg of 5V using the self baising 
resistance Аз. The characteristics У ьа —I5s, and сз Гоз are. given in the 
Fig. Е: 6.8.1 (a) and (b). It is given that Vpp = 12V, V p= —2.5V, Ipss = 4mA. 

From the transfer characteristic Vos—Ips given in Fig. E. 6.3.1 we 
find a suitable operating point Q. The drain current is J, and the gate-source 
voltage is Vog at this point. The bias line joins the origin to Q giving the slope 
of the resistance Rg. Thus 


Ip 
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Ios 


\р=275-2/ Мыз 0 


«—— Gate Volts Drain Volts ——= 


Fig. E 6.3.1 
Extending to the output-characteristics in Fig. E: 6.3.1 we locate the point Q 
as shown., Joining Уру to Q gives the slope of the resistance : Since we 
have already calculated. Rọ, we get the value of Rp as 3 ко’ ast 
Example 6.3.2. 
While biasing a FET at J, = 2 mA, Vp, = 6 V, it is given that V, = — 48V 


and Ingg = 4 mA. The circuit shown in Fig, 6.22 is used for the self biasing. 
Calculate the values of H, and Rp. 


From eq (6.3.3) 
2:x:4073 2 4 x 107 (1 ңе Pi 


It.should. be remembered that Vg, is negative 
Hence Vog +1406 volt 
. From eq. (0.3.1), we loe 2 — 0.7K Q and from eq.. (6.3.2) 
28K Qui 
6.3.2. MODIFIED BIASING 


There are device-to-device variations and the device parameters change due 
to the temperature in the FET also. It is required that the operating point be 
stable inspite of these variations. The resistance Re, used actually for producing 
a bias voltage, helps in reducing the effects of the temperature and device to device 
variations of the parameters. For example, if due to some reasons the drain 
current increases, the voltage across R, would increase making the FET conduct 
less because У „„ becomes moré negative. Thus J, would not be allowed to change 
much, However, alarge Rg, used for better stability, requires a large supply voltage 
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as seen from. eq. (6.3.2). To get a proper value of Vj, und Rp the: Vy, would 

have to be increased. This difficulty can be avoided by employing a supply Veg 

as shown in Fig. 6:23 (a). Considering the gate source loop, we can find the value 

of Rgasfollows. Itis seen that Vogg = Vgs + Íp.-Rg. If we neglect any voltage 
. drop across Rg due to reverse saturation current, we obtain 


Vea — Vas : 
Ip 


В = (6.3.4) 


Output 


(b) Single supply biasing circuit 


Fig. 6.23 Modified FET Biasing curcuit 


Comparing the eq. (6.3.4) with equation (6.3.1) it is seen that R, can now be 
controlled to any desired value because. of the inclusion ‘of Veg: 1i 


How much should the А; be depends upon the amount of control desired 
on the variations of the dperatihe point. The manufacturers normally specify 
the extreme limits within which all the devices of one type arelikely to have their 
characteristics. "Typical transfer characteristics of an FET are shown in Fig. 6.24. 
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The maximum and minimum variations in the transfer Characteristics are also 
shown. .'The operating point is taken at Q where the drain current is [9 and the 
gate-source voltage is Vogg: To get this operating point, the value of А, is 


n, = —Yese 
Ipo (6.3.5) 
The bias load line is given by the equation 
1 
Ip ота Е; Veg (6.3.6) 


If this particular device is either replaced by another device which happens to 
have the characteristics corresponding to the maximum one or it shifts to the maxi- 
mum characteristic due to variations in the temperature etc. then the operating point 
Q would be shifted. The bias load line cuts the maximum characteristics at a point 
which then becomes the operating point. Asa result of this the operating current 
changes from Ipg to Ты. Similarly, the same device or its replacement may follow 
the minimum characteristics and the operating current would become Jpg. If 
this large amount of variation in the operatng current is not allowed, then we 
can draw another bias load line which passes through Q but has smaller slope 
than the previous one. Such a load line with a slope of 1/Rg; is shown in 
Fig. 6.24. The currents then would be Jp,’ and Ip,’ and the variations in Ipg 
are reduced. Depending on the allowed amount of variation the bais load line 
is appropriately drawn. The equation of this new load line is 

LL 

n Ry ‚ (— Ves + Veg) (6.3.7) 
where Vog is the additional d.e. voltage required. Since a larger R reduces 
the variations in the operating point we can see from eq. (6.3.7) that a langer Voc 
would be required to get it. The value of Rg and Vg, can be calculated from 
Fig. 6.24 as 


— (Vos —Vase) 
R= eS (6.3.8) 
y Ip x" Г» 
апа д 
Vas + | Ves! = In Rs (6.3.9) 


where Ip, and Jp, are the two limits of the current, with / > Ip and Vg, and 
Vgg, are the two corresponding gate-source voltage with | Vas; | >| Vass |. 
We can thus calculate R’, and Vog to limit the variations in Jp even when the 
temperature varies or the device is replaced. The resistances Ry and Rp are chosen 
as discussed earlier. 


esas re 


ы а 
——————————Ó——— —: iniit 
" a 
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Since V gg is positive and the gate current is practically zero; it can be derived 
from У pp with the help of potential divider Rg, and Rg, as shown in Fig. 6.23 (b). 


y 
Veg = PP) xR (6.3.10) 
SUPRA Ua o À 
Taking Ra || Ror = Re : 
Hg, s. (6.3.11) 
R 

Ra = v5 (6.3.12) 

Vos 


ў Vesa | Voss 
Vesa’ Vesa Vese’ 


Fig. 6.24 Extreme variations of transfer characteristics 


Example 6.3.3 ч 

Due to the variations of the parameters from one device to another and 
also the temperature, if is found that in a FET circuit with Vgg = 0 the drain 
current changes from 0.3 mA to 0.8 mA and gate source voltage changes from 
— .35V to —.95 volts. The Q point is desired to be at Jp = .5 mA, Ves = 
220.6 V with Ур = 12 volts. It is required to stabilise this operating point so 
that the change in J, is from 0.6 to 0.4 mA and in Vas from — 2v to — 1.2 V. 
Calculate the values of Ry, — Vae required to obtain the specified stability. 

The resistance Rs when Vgg=90, 18. calculated simply to be 


[Vasl _ +06 < 1012K Q. 
25 0.5 
25 (45—73/1983) 
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Now if the variation in J, is reduced to the desired value by including 
Усс» then from eq. (6.3.8) we can calculate 


—(—4.2 4.2) 
06 — 04 


Ry = 40°= 5KQ 
‚ From eq. (6.3.9) we get 
Veg = 0:6 x 107* x 5 — 10° x 12 
or Уба = 1.8 V 


This voltage can be derived from potential divider chain as shown in Fig. 6.23 (b). 
Let us assume that Rọ = 0.5 MQ. Then from eq. (6.3.11) and (6.3.12) we get 


or Rg, = 3.33 M Q 


3.33 x 108 
and Ry, = Ay 0 .588 MQ. 
DD 


es Е 
6.3.3 ANALYSIS OF THE FET AMPLIFIER . 


Since H, is in the source circuit, it would reduce the gain of the amplifier, 
as the Rg did i in the transistors, and is normally bypassed by C$. Capacitors С, 
and C, are the usual coupling capacitors to connect the amplifier to the signal 
source and to the load R; as shown in Fig. 6.22. 


The small signal mid-frequency range equivalent circuit of the FET is shown 
in Fig. 6.25. The parameter gm is the transconductance described earlier and is 
given by the slope of the transfer characteristics. Hence 


АД 
уд 


(6.3.14) 


Differentiating eq. (6.3.3) and making Yos: = Vas + Vg, where Vg, is the signal 
лош voltage, we obtain 


s y, | 
а= – =p! (1-2) | (6.3.15) 


The eq. (6.3.15) can be re-written as 
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£ = (— Mem) M dm | : (6.3.16) 


Thus, the value of ga can be calculated for the given quiescent current Г. The 
resistance rz is the drain resistance and can be obtained from the output 
characteristics as 


(6.3.17). 


Fig. 6.25 Equivalent circuit of FET 


Since there is practically no gate current and Rg is also very large we can 
write V,,=V,. The voltage gain бу (s) is simply obtained as 


3iicos Le Н, 
G, (в) = ттр ли X Em Ror (6.3.18) 


where Rp, = Rp || Rz 
If rz > Rpr which is quite often the case, then the eq. (6.3.18) simplifies to 
Gy (8) = — £i Roz (6.3.19) 


The input impedance is A, in parallel with the reverse resistance of the gate source 
junction which is usually very large. The output impedance is the resistance Rp 
in parallel with rg. The current gain is practically infinity because the input current 
is nearly zero. The current gain is thus, not.significant here.” The values of the 
coupling capacitor C, and C, and the bypass capacitor C g which determine the 
low frequency response of the FET amplifier are obtained individually following 
the same technique as was used for the transistors. 


Example 6.3.4 . 

A practical FET amplifier is shown in Fig. E. 6.3.2. The parameters for 
the FET are Ip,, = 8 mA, Vp = —4 volts, т = 50 К О. The quiescent drain 
current is Г = 2 mA. Calculate the value of g,,, the voltage gain and the lower 
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Зав frequency of the amplifier. It is given that R, = 2K Q, Rp = 4.5KQ, 
Re = Bg, | Ros = 1M 


~ 


From eq. (6.3.3) we calculate 
Ves = — 2 volts 
From eq. (6.3.16) we can get gm as 


Do 2 d ve 


or g,, = 2 mA/ volts 


From eq. (6.3.9) 
Veg = Rs X Ip — lVasl 
or Veg = + 2 volts 
В, = 1 МО 
Gain = — gm (Rp | Ry) 
= — 2х 10-2 х 45 x 10 


= — 9.0 
The lower 3dB frequencies due to: C,, C4 and Cg can he calculated as follows 
f Es н 
"iC, -2m Cy (Hg +T) 
= 1.6 Hz 
om 
fu c, 7 тб, (Ry, + Ry) 


= 16 Hz 
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To calculate the effect of С; and Rg, it can be shown in а manner very similar to 
eq. (0.2.19) but much more simply as 


1 
Yo aay Oaks 
Vs (в) n 1 
s -H z— (1 + gu Rs) 
| REG» КЫНЫШ | 


Hence hh | С 35 Hz 
8 


The above relationship can be derivel as follows. Assuming C, and C; to be a 
short circuit, the equivalent circuit can be redrawn as shown in Fig. E. 6.3.3 


o Vg. 


Fig. E. 6.3.3 


Vg, = Vg—Vi 


where V, is the voltage drop across the source terminal, and V, isthe signal voltage 
If the parallel combination of Ry and Cg is designated as Zs, then 


Zo = LONG 
5505s, Rg4-4 
then Vy = En Vos + Zo 
V, 
hence V, LE ш 
98 1 d Bi 24 


The output voltage Vg is given by 

Vo = — gm Ug, * Roz 
substituting the value of Vz, we get 
Vs -Rpr 


POSETE 
d en 1+ £n Zs 


Vo _ = — om. Ry 
or ia 1+ gm 25 
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1 
y SETOR 
or a = — gm Rp, — T 5 
S 
s+ Gat n Re) 
The pole at the low frequency will be 
_ A +8m Rs) 


te A Sa Bn Codi 

The high frequency response of the FET amplifier is governed by the device 
. capacitances and stray capacitances which appear across the various terminals 
as shown in Fig. 6.26 (a). Barrier capacitances C,, and Сш appear between the 
gate and source and between the gate and drain junctions respectively. Capacitance 
of the channel C,, appears between drain and source. The high frequency 
equivalent circuit with these internal capacitors is shown in Fig. 6.26 (b). In 
small transistors designed for high frequency applications С, and Cg are between 
4 to 5 pf and C,, is also of a similar order. 


Cds 


Fig. 6.26 High frequency equivalent circuit of FET 


By applying Miller's theorem explained in Section 6.2.8 the effect of С 
can be included as an input capacitor C,, (1 + G) at the gate terminal and an 


S х 1 
output capacitor of Cs | 1+ ja) .The high frequency response is then 


easily found by obtaining the transfer function of the amplifier. Since these 
capacitors appear in shunt with the input and output terminals, they give rise to 
poles in the transfer function and the gain decreases with increasing frequency. 
The output capacitance causes the dominant pole and the transfer function is a 
single pole one. The slope of the gain-frequency curve is thus 6 db/octave. 


Example 6.3.5 

Calculate the high frequency response of an amplifier which has a FET 
asits active device. Given rg = 50KQ,C,, = Coa = 2 pf, Cas = 8 pf, r, = 60009, 
Rp = 5 KQ, І, —2mA, Ipgg = 8mA, V, — — 4V, Rp = 500KQ = Rọ. The 
equivalent circuit is shown in Fig. E. 6.3.4, 
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Fig. E. 6.3.4 


Em can be calculated. using eq. (6.3.16) as 
2x8x10? tH 2 


ог m= 2mA/volt = 2m 5 
Also G = —£g (Rp || Fx) 
= —8m Rp 


ш =H oe 5 х= c 
hence C0 T [6I — TAXM Seer 


са (4+ т) 2pf 


Now the net capacitance at the Gate is 
C,= 2242 = 24 pf 
and at the drain 
Cz = 10р} 
ave the following upper 3dB тте епз 
1 
ШЕ 7 Er GTi Ra) C 


The two networks will h 


1 
zie ыыы р то 
2 x 600 x 24 x 1279 
= 110 MHz 
Sy x Е a 
Ín | aran ~ 2m (Rp || Rf) Ca 
о. сс кде 
= 3x 5x 108x 10 x 1073 
= 31.85 MHz 
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Hence the upper 3dB frequency is 31.85 MHz and the drain circuit is dominant. 


6.4 Vacuum Tube Amplifiers 

Vacuum tubes like triodes and pentodes are also used in amplifiers. As 
discussed earlier, these tubes operate when the anode (plate) is made positive with 
repect to the cathode. The electron-flow through the tube and hence the current 
flow is controlled by the grid voltage which is usually negative with respect to the 
cathode. ‘The screen grid in the pentode is kept at a positive potential that is 
approximately equal to the plate potential. The suppressor grid is at the same 
potential as the cathode. Тһе biasing circuits of the triode and pentode are shown 
in Fig. 6.27. The plate and the screen grids are made positive with the help of 


(b) Pentode amplffter 


Fig. 6.27 Vacuum Tube Amplifier Biasing Circuit 


d.c. supply voltage V pp. The voltage is of the order of 150 to 400 volts for normal 
tubes. Special purpose and high power tubes have anode voltages as high as 
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10 КУ. The negative voltage for the grid is obtained by the self bais arrangement. 
A resistance Ry is connected in the cathode circuit instead of using a separate 
negative supply to provide the bias vollage. The plate current J, flowing through 
the resistance Rg develops a voltage V, across it.: Since there is no grid current, 
the grid to cathode voltage Eg is 


Ej —Vp= — Ry lp (6.4.1) 


This provides the needed negative bias and controls the current. The plate 
current J, depends on the grid voltage Ec which in turn depends on Ip, The 
resistance R, is calculated with the help of the input and the output characteristics 
of the vacuum tube to.obtain a specified operating point with a current J, and a 
plate drop V,. The resistance R4 is instrumental in fixing the requisite voltage 
gain and a proper voltage drop across the plate and the cathode. The resistance 
Rg is connected to provide a d.c. path between the grid and the cathode. If 
a large Rg is used the input impedance would be very large. В in the range of 
few hundred kilo-ohms to a few megaolims are commonly used. Some electrons 
are itercepted by the grid and they find a path through A, to the cathode. If 
Rg is very large then an undesirable large voltage drop may develop across it. 
Therefore there is an upper limit to the value of A, to be used. The screen 
resistance A, is calculated using 


Vs =Vpp В. ds (6.4.2) 
A desired screen potential is obtained with a given screen current / obtained from 
the manufacturer's sheets. | , 
The desired operating point is marked on the output plate characteristics 
of the tube. A load line of slope corresponding to 1/R, + Ry is drawn through 
this point. This load line has to satisfy the following equation 


Vp = Vap —ip (Ry Ry) : (6.4.3) 
The grid bias line satisfying the equation ; 
Eg=—Vx = —Hy Ip (6.4.4) 


is also drawn on the output characteristics. The intersection of these two lines 
is the actual operating point. : 


Example 6.4.1 

The output characteristic of a typical triode are shown in Fig. E641, 
It is given that Vpp=: 250V and Ip =3mA 
Locating the operating point around in the middle of total operating range of 
E,(0 to 14 V), we select Eg = —6V. Intersection of the Ip = 3mA ond 
Eg = —6 У lines fixes the point Q. Joining Vppand Q and extending the line 
gives us the load line. Thus 

26 (45—73/1983) 
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— 
3 
> 


Vep } 
Ra*Ry Load line of AY] 


Anode current 
= 
o 


mA 
-YN 
-16V 
Ip 
0 Vp. Vpp=250V . Volts 
Anode voltage —>» 
Fig. E. 6.4.1 
Eo Я 
Ек. == = 10° = 2KQ 


Now from the load line wè have R, + Rg = 25 КО hence Ry = 23 КО. From 
the graph, the drop across the tube V p is approximately 160 V. The error is because 
of the graphical construction. 


6.41 Vacuum TUBE ÁMPLIFIER ANALYSIS 


Just as in the case of BJT and FET, the V.T. amplifiers are also required to 
be coupled to the source and the load. To provide d.c. isolation either capa- 
citive or transformer coupling is used. A capacitively coupled pentode amplifier 
is shown in Fig. 0.27 (b). The cathode resistance Rg will develop an a.c. signal 
voltage across it and would thus reduce the gain of the amplifier. This is prevented 
by by-passing the cathode resistance Rg with a capacitor Cg. The capacitor Cs 
by-passes the a.c, signal which would otherwise appear at the screen grid 
terminal. The screen grid terminal should have only a d.c. voltage. The low 
frequency response of the amplifier is governed by the coupling capacitors Cy, C 
and the cathode by pass capacitor Cy. Their effect оп the low frequencies can 
be considered individually. Let us first consider the response due to C, by 
drawing an equivalent circuit as shown in Fig. 6.28. 


| 1 


= ВАПА 


" 
в, 


(EPN (An A Ea | 


Fig. 6.28 Equivalent circuit with C, 
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Now V,(s) = Ram СОҢ 
Ret e, TR 
у . 
Hence бу(5) = ^ Nes Em m(——— 9 
Vs(s) FEL 1 
Е.С, : 
(assuming rp BR’, and Hggers) 
1 
ae 6.4.5 
Let Or Rg C. ( ) 


Similarly considering Сз alone, 


| 1 
Oy (6.4.6) 


7 (Rat Ry) 6 
с, 


where rp > (Ra || Rz) and Re zr, 


We now consider the cathode by-pass capacitor Cg. The equivalent circuit is 
drawn in Fig: 6.29. The grid to cathode voltage V, is given by V; = Vg — Vx 
== У Zk Em Vi 


Fig. 6.29 Equivalent Circuit with Ck 
where Ze = Rz | i 
Ce 
Rearranging V; (s) = Раш 
ватта! g V4 1 "m 23. Em 


Now the output Vo(s) = — 8m H'z Vis) 
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Vs (5) 
nd Y, m рН 6.4.7 
a o (8) &m L 1 + 28% (6 ) 
The transfer function Gp (s) is now 
1 
S KURAC 
y S KR 
Gy 0) = 900 = — tn By (6.4.8) 
» 5 ! 85 ОТА (1 + gH) 
Т 1:074 
This has a pole at s = — — ( — + gy.) and zero at 
CR 
= — . The lower cut-off frequency will be governed by the pole. 


Example 6.4.2- 
In the pentode amplifier of Fig. 6.28 we have gm = 5mQ,I, = 7.9 mA, 
Iş = 2.5 mA, гр = 300 КО, the external resistors are Л, = 6.8KQ, Rg = 1 MQ, 
Ry = 1800. Find the gain and lower 3db frequency if C, = Ca = 0.02 pf, 
Cy = 32 pf, r, = 10 KQ and R, = 1MQ 
. Total current through the pentode = 7.5 + 2.5 +=10 mA. Hence the cathode 
voltage = 180 x 10 x 107% 
or E, = 1.8 volts 
Gain == —g,, IU, = —85 (H4 Ar) e — Em Ra 
Now  — да Ra ~~ 5x 10? x 0.8 x 10? 


hence Gain = — 34 
From eqs. (6.4.5), (6.4.6) and (6.4.8) we have 
fil FET из 7,96 ITZ 
de, were: it) Cs Tu = 7,96 Hz 
Mo Sen = 52.5 Mz 


ij The capacitors C,, Сз and C, are ineffective at mid and high frequencies. 
The high frequency response is decided by the interelectrode capacitances Cy, 
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Cg, and Cpp and any other stray shunt capacitances coming in parallel with the 
input and output ports. The interelectrode capacitances are shown in Fig. 6.30. 


Fig. 6.30 Interelectrode capacitances in a triode 


The equivalent circuit of a vacuum tube amplifier with inter-electrode capa- 
citances is shown in Fig. 6.31. This circuit is useful in evaluating the high 
frequency response of the amplifier, 


“б Сор Р Vo(s) 


Fig, 6.31 High Freq. equivalent circuit of a Vacuum triode amplifier. 


Cop is extremely small in the case of pentodes. With the help of Miller’s theorem 
as discussed earlier, the capacitance Cy» is transferred to the input terminals with 
а value equal to Сор (1 + gj &';) where А’, = rp || Rall P; The equivalent 
circuit of Fig. 6.31 then modifies to that shown in Fig. 6.32. 


‘ «Сор! 
Cgpli*9 81) Срк Сор! ann $ 
Fig. 6.32 Equivalent circuit with Суу transferred to input terminals. 


If the source is an ideal voltage source ie г, == Oorr, & Hg, then V, = Vg aud 
the capacitance Сур -l Cop (1 + gm Ё') is inetfective. However when two 
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amplifier stages are cascaded then the capacitance at the input terminals of the 
2nd stage appears at the output terminals of the first stage as shown in Fig. 6.33 
where 


Fig. 6.33 Equivalent capacitance at the output 


1 
Cea = Con + Cog (next stage) + Сор (1 T R ) + Сат 
| m Fr, 


Cig = Ca 4 Cis (@ gs Rz) СА 
The stray capacitances have also been included in Cin and Ceg. Now the voltage 
gain function G,(s) is found to be 


Vo (s) -Vo (8) 8C, 4 
= =o = — fm 4.9 
Gy (8) vo V. En r "T (6.4.9) 
Hu 2022 
assuming Rg > R’, 
Hence ? 
Gy (8) = — £n. Е : 
y (8) = Em. ft т. 8C oq R, +4 
: 1 
or Gy (s) = — Ет. Ё. — 1 
св, (+ ee) (6.4.40) 
The upper 3-db frequency oy, is then a, = і - 6.4.11) 
H ( 
$ Ry, x Cog 


Example 6.4.3 
A typical triode like 6SN7 has ‘the following interelectrode capacitances 
Cetray = 10 pf, C, = 4 pf, С» = 2.5 pf, Cpr = 0.7 pf. 
The other parameters are gp = 2.6 mA/V,r „== 6.7K Q,fp=10mA, Rg = 500КО, 
R, = 8KQ, Rj = 500KQ 
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Calculate the gain and upper 3dB frequency 
Now R', = 8K Q || 500 KQ 
= 7.87 КО 
Hence Gain = — g,, A’; = — 2.6 x 7.87 = — 20.5 
From eq. (6.4.11) 
Ceg з Cox 2r Cor a + gm В") F C tray 
= 3.2 x 10712 + 4 x 21.5 x 1072 + 10x10 


Сы = 992 pj 
ы _. + 1 
once fa = 37x RO, — PxTEDX 10° x 992 x 1075 
= 0.204 MHz 
or 
fg = 204 KHz 


6.5 Emitter follower 


The most common of the single stage amplifiers using BJTs, FETs and 
vacuum tubes are the common emitter, the common source and the common 
cathode amplifiers respectively and their analysis has been discussed. ‘The common 
base, common gate or common grid amplifiers are obtained by keeping the same 
biasing arrangements as in the CE, CS or CK amplifiers but feeding the input at 
the emitter, source or cathode as the case may be, instead of the base, gate or the 
grid. These amplifiers have some useful characteristics such as low inputimpedance. 
However, they are used in some special applications and so are not analysed 
here, The interested students may attempt to analyse them by drawing the 
equivalent circuits. $ 

A third type of commonly used amplifier is the common/collector, 
common drain or common anode amplifier. The important features of this 
amplifier are (1)high input impedance (2)low output impedance (3) almost 
unity voltage gain and (4) no phase inversion between the output and the input 
signals. We have discussed earlier that if a circuit is connected to the output side 
of another circuit then it should have a high input impedance to prevent loading. 
This common collector type of amplifier is used to isolate the output side of 
circuit from. being loaded by another circuit of low input impedance. Simlarly 
in many situations a source is normally required to have a low output impedance. 
- This can be achieved by connecting the CC amplifier because it has a low output 
impedance, The FETs and the vacuum tubes have normally high input impedence 
whereas the BJTs have low input impedance. We shall discuss the CC amplifier 
here. It is also known as emitter follower because the emitter follows the base 
so far as the signal is concerned. The student may analyse the CD and CA 
(calthode follower) amplifiers similarly on his own. 
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The circuit diagram of an emitter follower is shown in Fig. 6.34. Sometimes 
there are two biasing resistances Ag, and Rp in the base circuit as in the CE 


Vec 


Fg. 6.34 Emitter Follower 


ampliħers. They will appear in shunt with the input thus reducing the input 
impedence. With a single resistance, the input impedance would not be lowered 
much though the d.c. bias stability will be poor. The equivalent circuit of the 
emitter follower is drawn in Fig. 6.35. The resistance rj, has heen neglected 
for simplicity. By applying the KCL at the nodes В and Е, the output voltage 
Vo = Ёк can be found. ‘Then. the voltage gain бу is obtained as follows 


1 1 y, 
Т}. Tats TT 
di 1 m 1 0 
Te Туе 
ЙӨЗ BIG SG eA Dau gen 
A 
Lia Ms 
nit Te Ted 
where A = 
1 1 1 hoe 1 { 1 
те Ty. "Ж R те 
1 [ 1 y 1 ] 
and бу = Me 5 зис Te Ty e (6:541) 
T 
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1 
where gpa 
Т, 


ry = г, || Hg 


If r, < Rp then 7,’ s г, and the eq. (6.5.1) can be simplified to 


R 
Gy = T Wi (6.5.2) 
Ret В 
R 
ot Gy c E. oed (0.5.3) 
ni! pn 


since 7a ig small 
58 


The input impedance Л; to the right of Ар, i.e., without the biasing resistance, is 
calculated by finding Vp from above node equations and then finding the input 
current J; The input impedence R, is then found to be 


y | 
Re = aoe = rya + (1+8) Rg (6.5.4) 

i 

or Ry s (1+ f) Rg ee 1853) 

If the actual input impedence is required then Hj is in parallel with R, and hence 
will be smaller than R,. 

The output impedance and. current gain of ап emitter follower can be 
similarly calculated as 


oat ШШ 6.5.6 
R, 14 al, (6.5.6) 
and С, A 


Example 6.5.1 
The emitter follower shown in Fig. 0.35 has Jg = 2mA B= 120, Rg —2.7 КО, 
Ry = 330 K Q, The value of r, — 600 Q, А, = 600 Q. ADAM 
Calculate the gain, input impedance and output impedance of the CC 
amplifier, 
Since Jẹ = 2 mA 
МАЎ Ош 


€ 


ry, = Br, = 15 KQ 
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(b) Circuit redrawn 


.Fig. 6.35 Equivalent circuit for the analysis of the CC amplifier 


Gain from’ eq. (6.5.3) is 


2.7 x 40° 


бу = 37x49 125 


or бу = 0.995 
R, from eq. (6.5.5) is 
В, —.15 x 40° + 121 x 2.7 x 10°: 
= 328 KQ 
This resistance is in parallel with Rẹ = 330 КО hence the actual input 
impedance seen by the signal source will be 165 KQ only. 
The output impedance ss 12.5 Q 


Review Questions 


6.1. Distinguish between class A, B and C amplifiers: 

62. What is thermal runaway?’ How is it prevented Y 

6.3, What is the variation of Гоо and Vp, with temperature ? 

6.4. How does a resistance in the emitter circuit stabilise the operating point ? 
6.5. Define S. What are the units of Sj. Sp and був? 


6.6. What will happen if the emitter resistance is left unbypassed ? Will it 
effect the stability of the amplifier ? 
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6.7. Why are the capacitors C, and C, used in the circuit of Fig. 6.7 ? 

6.8. Which out of the capacitances C,, C; and Cy dominate the low frequency 
response of the CE amplifier ? 

6.9.  Distinguish between the internal and the external gain of an amplifier. 

6.10. What is rp; ? Distinguish between г and ry, 

6.11. What is the phase difference between the input and the output signal at 
the lower 3dB cut-off frequency of the CE amplifier ? 

6.12. What is Miller's theorem ? j 

6.13. Is the upper 3dB cut-off frequency of a CE amplifier solely governed by 
the parameters of the transistor ? 

6.14. At what rate does the response in a CE amplifier at high frequencies fall ? 

6.15. Does the output lag behind the input in phase at high frequencies ? 

6.16. What are the limitations of self bias in a FET amplifier ? 

6.17. What are the advantages of the modified biasing arrangement in the FET 
circuit ? 

6.18. It is said that the gain of the CD amplifier is normally much less than the 
CE amplifier. What may be the reason ? 

6.19. What limits the input impedance of a FET amplifier ? 

6.20. Since the gain of an emitter follower is less than unity, what is the necessity 
of using this circuit. 

6.21. Is the output impedance of an emitter follower dependent upon (i) collector 
current (ii) source resistance ? : 

6.22. Will the input impedance of an emitter follower be effected by the loading 
at the output of the circuit ? 

Problems 

P6. Ап amplifier has a d.c. power supply of 15 volts and draws a current of 


10 mA. It produces an output of 5 volts peak across a load resistance 
of 600 Q for a signal frequency of 1 KHz. Calculate the a.c. power 
output and the efficiency of the amplifier. 


-9V 


Fig. P 6.1 
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P 6.2 In the pnp Germanium transistor biasing circuit shown in Fig. P 6.1, 
calculate the values of Ry and Hj to obtain an operating point of 


Vog = — 4V and I, = 1mA. It is given that 8 = 120. 
P 6.3. In the biasing circuit of Fig. P 6.2, it is desired to have a Stoo = 6 and 
I, =1 mA with Vog = — 4 volts. Assume Гоо = 1А Уз = ЗУ 


dna B = 100. Prepare a table of the possible combinations of Hg, Rg 
and Ro values. Now if the temperature changes by 60°C, Calculate the 
percentage change of collector current in each case, (Select at least four 
combination of resistances over the whole range). 


-9V 


Re 


Fig. P 6.2 


P 6.4 Calculate the collector current and the drop Vog for the circuit in 
Fig. P 6.3. It is given that 6 = 250, Vg, = 0.7 V and Гоо = 0.01 pA 
at 20°C. Find the change in the current if the temperature rises to 80°C. 


2V 


20K KN 


12K 2K 


Fig. P6.3 
Р 6.5 Derive an expression for the change in collector current AJ, fora change 
Ap in the beta of the transistor. 
Blau 
AV pg 
` P6.7 In the circuit of Fig. P 6.3 the transistor is replaced with another trans- 
mitor whose f is 80. Find the new collector current. 


P 6.6 Derive an expression for Sp p, = What are the units of Sy pp ? 
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P68 A biasing arrangement is shown in Fig. P 6.4. Itis required that 
Ij— 2mA and Voz = 5 volts. Find the values of Rọ and Hg. Given 
B= 100, Vg,— .7V. Neglect Too 


Vec=12V 


R 
Re D 


T 


Fig. P 6.4 


P 69 In the amplifier of Fig. P 6.5, calculate the midband voltage gain and 
current gain, both internal and external. The circuit values аге 
Ro = 3.3KQ, Rg = 2 KQ, Hg || А, = 6 KQ, Rz = 1KQ r, = 1000 
and J, = 2 mA. 


Fig, P 6.5 


P 6.10 Find the input and the output impedance of the amplifier in Fig. P 6.5 
with the circuit values same as in Problem 6.9. What is the power gain ? 

P 6.11 Calculate the internal and external voltage gains in the Problem 6.9 if 
r,is1K Q. Сап the gain of this amplifier be made 200? 

P 612 Find the low frequency response and the lower 3dB cut off frequency 
of the amplifier in Problem 6.9 if C, = С, = 10 uf and Cg = 500 uf. 

P 643 Draw the complete phase and frequency response at low frequencies for 
the Problem 6.12. 

P614 ‘Assuming Cp and С, to be infinite, calculate the low frequency response 
of the amplifier in Problem 6.9 given that C, = 1 uf. 
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P 6.45 
P 6.16 


P 6.17 


P 6.18 


P 6.19 


P 6.20 


P 6.21 


Р 6.22 


P 6.23 
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Repeat the Problem 6.14 with C, = Cg = o» and С, = 1 pf. 


Assuming C, = C, = oo, plot the low frequency response of the 
amplifier in Problem 6.9 with Cp = 100 uf. 

In the. Problem 6.9, Ry of 2 КО is bypassed partially only. Calculate 
the gain if the unbypassed resistance is 100 Q. 

In the transistor amplifier. of Fig, P 6.5, it is given that the parameters of 
the transistor are fp = 400 MHz, B = 100, rj = 602, Cy, = 3pf. 
Find fj, Cy, and the upper 3dB cut-off frequency fj. The circuit 
values are the same as in Problem 6.9, Plot the frequency and phase 
response at the higher frequencies 

What is the effect of the source resistance r, on the upper 3dB cut-off 
frequency? In Problem 6.18, if r, is increased to 1 KQ, calculate 
the change in the fy. 

The self bias circuit of Fig. P 66 has Vpp = 18V Vp = —4V, 
Ipsg—8 mA. It is desired to have a drain current of 1 mA. Find 
values of R,, Rp and Rg if the input impedance has to be larger then 200 
KQ and Vp, = 5 V. 


Уор 


Ci 


Fig. P 6.6 


Find the gj, and the midband gain of the amplifier of Problem 6.20 if 
R, = 500 KQ, and r, =.10 KQ. Does the value of r, have much 
effect on the gain of the amplifier ? 


In the Problem. 6.20 draw the transfer characteristic assuming it to be 
absolutely linear, Draw the biasing line corresponding to A, on this 
Characteristic and locate the operating point. Estimate graphically the 
change in Jp if Vp and Ip,, change by + 25% due to device-to-device 
variation. 
(Hint : See Fig. P 6.7) 

The variations of the FET in an amplifier are as given in Problem 
6.22. A drain current of 4mA with Vg, = — 2V is desired as the 
operating point. The operating point may not change Бу, more than 
+ 5%. Calculate the values. of Rp, Rs, Rg: and Ree. 


Р 6.24 


P 6.25 


Р 6.26 


P 67 


P 6.28 
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In the FET amplifier of Fig. P 6.7itis given that Vp = — 2.5, Ipgg=4 mA, 
Ip = 2mA, Vy, = 4 У, Ур = 15 V. The parameters of the device 
are та = 200 КО, С = Cos = 2 pf and Ci, = 10 pf. The stray 
capacitances at the input and output/ports are 5 pf each. Find the values 
of Hp, Hs, Rei, Коз. Also calculate the values of C,, €; and С, for a. 
fa = 50 Hz. Find the higher 3dB cut-off frequency and the midband 
gain. Assume r, = 10 KO and R, = 200 KQ What is the input 
and the output impedance of the amplifier? х 


Fig. P6.7 


In the vacuum tube amplifier of Fig. 6.27 (b), it is given that Ry = 2KQ, 
В, = 47 KQ, Rg — R, = 1 МӘ. The parameters of the tube 
are gm = 2mA/volts, rp = 200 KQ, C,, = 3 pf, Cy, = 1 pf and 
Cpe = З pf. Calculate the midband gain. Find the values of Cj, C, 
and Cy for af, of 50 Hz. What is the higher 3dB cut off frequency ? 
Estimate the input and the output impedances. Assume r, = 10 k Q, 
and that the screen is completely bypassed. 

A CC amplifier is shown in Fig. 6.34. It is given that Ry = 5 KQ, 
В» = 250KQ, I; = 1mA, Veg = 15 volts. The transistor parameters 
аге В = 200, fp = 250MHz, гу = 50 О, Cy, = 5 pf, ro = 80KQ. 
If the source resistance rj," = 50 Q and R, = 1 КО, caiculate the midband 
gain and the input impedance of the amplifier. What is the output 
impedance? Estimate the change in the input impedance if the R, 
is 50 Q . Will the output impedance be effected if r, = 600 2? 

Find the frequency response i.e., the upper 3dB frequency of the CC 
amplifier in Problem 6.26 with r, = R, = 500 Q. 

А common base amplifier is shown in Fig. Р 6.8. Assuming J, = 1 mA 
and Ry = Ry = 2 KO, Hg, = 20 КО, Hg, = 12 KQ, Veg = 12 
volts, calculate the midband gain. The transistor parameters are  — 150, 
го = 80KQ. Assume that rj, is negligible. Find the input and the 
output impedance. 
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[Hint : Draw the equivalent circuit and ground the base as shown in 
Fig. P 6.9] 


Vcc 


Tt soit Output 


Input terminal 


Cs 


Fig. P 6.9 


Feedback 


7.0 Introduction 

Feedback р1ауз а very important role in Electronic circuits and is employed 
for a variety of reasons and in a variety of ways. In this chapter we. shall discuss 
negative feedback only and consider positive feedback in the chapteron waveform . 
generstors. A properly designed negative feedback leads to a significant 
improvement in the performance of the circuit. Feedback is, sometimes, unavoid- 
able as in the case of feedback through parasitic capacitances etc., but in most 
cases it is introduced deliberately to obtain some desirable features. Feedback 
reduces an amplifier’s sensitivity to the variations of the active device parameters, 
it reduces the harmonic distortion and noise output of an amplifier and also incre- 
ases its bandwidth. Large amount of feedback though, introduces the possibility 
of instability and oscillations. This is a serious drawback of negative feedback in 
amplifiers and requires a careful approach to its design and implementation. 


An analysis of negative feedback amplifiers can be carried out using diffe- 
rent techniques but the equivalent circuit method brings out some important effects 
of feedback and has been used here. Advantages and disadvantages of negative 
feedback have been discussed followed by an analysis of the four typical configura- 
tions, 


7.4 Principles of Feedback 

It is always a requirement of an amplifier that it reproduces the input signal 
faithfully. If ideal circuit elements including active devices are available without 
any limitations then any linear amplifier will be adequate and feedback will not 
be necessary. It is only when we have to use non-ideal circuit elements and devi- 
ces that negative feedback becomes essential and we hope to build an amplifier with 
- feedback which will be satisfactory. Consider the block diagram of an amplifier 
with feedback as shown in Fig. 7.1. It consists of the amplifier inthe forward path 
and a feedback network through "which a portion of the output is fedback to the 
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Amplifier 
A(s) 


Feedback 
network, 
f(s) 


$t 


Fig. 7. General feedback 


‘input. This forms what is called a feedback loop. If the loop is opened such that 


$; = 0, then the forward goin function of the amplifier is given as 
A(s) = = => (7.4) 


Here the 9 term has been used to indicate either voltage V or current as the input 
and the output parameter. 

We shall assume that the amplifieris unilateral and the reverse U'ansmission 
from the output to the input is zero. Similarly it is assumed that the forward 
transmission through the feedback network is zero. The feedback function f(s) 
is defined as 


10) = и | (12) 


Ideally, therefore, the signal flows in certain directions only as shown by the arrows 
in Fig. 7.4.. The gain of the amplifier with the loop connected is defined as A,(s) 
and is given by 


Aj(s) = = (7.3) 


Now ¢, + ¢, = 0; as seen in the Fig. 7.1. Thus, substituting equations (7.1) 
and (7.2) in (7.3) we get S 


ER E aes = КГК Mil 


Ф, tid $:—9, 9 Ф, —K 


A(s) — 
1—4A(s). f(s) 
We see that the gain with feedback is a modified function of A(s), the gain without 


feedback. The modification factor | 1-А(в). f(s)| plays a very important role in the 
analysis and design of feedback amplifiers. If|[1-A(s). f(s) ]l is greater than unity 


or Aj(s)-— (7.4) 
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then the feedback is a negative feedback, whereas if it is smaller than unity then 
the feedback is called a positive feedback. 


[1-A(s). f(s)] is called the feedback factor F(s) and indicates the amount by 


which the gain of the amplifier is reduced after feedback. The term [A(s). f(s)] 
is defined as the loop transmission function 7(s). Thus 


„ойе КӨ Al): _ A), 
1—A(s).f(s)  1—T() FO 


For a negative feedback circuit, the gain A,(s)<A(s) and hence T(s) must necess- 
arily be negative. This means that either A(s) is negative or f(s) is negative. Now 
when the magnitude of 7(s) is much larger than unity, then eq. (7.5) can be simpli- 
fied to 


(75) 


1 
A,(s) = — — 76 
АИ 09 
This shows that А (5) is only dependent upon the feedback function f(s) and is 
independent of A(s). In other words if the feedback network consists of passive 
elements only the gain:depends upon them and is not effected by the active device 
nonlinearities and parameter variations. 


The assumption of unilateral transmission through the amplifier and the feed- 
back network is obviously an ideal one and in practice the signal flow in the: other 
direction is not negligible. Parasitic capacitances in active devices allow some 
signal flow from the output to the input. Similarly since the feedbaek network 
is a passive one there is an equal amount of signal flow in both directions, and the 
assumption of zero forward transmission is invalid. However, if the forward trans- 
mission of the amplifier is much larger than the forward transmission of the feed- 
back network and the reverse transmission of the feedback network is much larger 
than the reverse transmission of the amplifier, then the assumption regarding the 
flow of the signal in Fig. 7.1 is practically valid. 


7.2 Advantages and Disadvantages of Feedback 


As mentioned earlier, the negative feedback in amplifiers makes them less 
sensitive to parameter variations of the active devices, reduces distortion and noise 
output; affords a control over the input and output terminal impedances and 
increases the bandwidth of the amplifier. We must remember that all the above 
quantilies are affected simultaneously when the feedback is employed and the con- 
trol of one quantity alone, say impedance, cannot be achieved without affecting 
other quantities say the gain and bandwidth. 


7.0.4 DESENSITIVITY TO PARAMETER VARIATIONS 


We have seen thai ЇЇ the loop transmission 7(s) is large compared to unity 
then the gain of the amplifier depends only on f(s), eq (7.6). This certainly is a 


220 BASIC ELECTRONICS 


very attractive feature of the amplifier— particularly so in a transistor amplifier. 
First of all the gain of the transistor amplifier is normally high and reduction in 
gain through feedback is desirable in many cases from this view point only. 
Secondly the transistors are much more affected by the environmental conditions, 
manufacturing tolerances and quiescent point variation etc. and a negative feed- 
back makes the amplifier less sensitive to these. In fact with the advent of IC 
technology very large gain amplifiers called operational amplifiers are marketed 
and the user obtains the desired gain by utilising negative feedback across the 
amplifier. As shown by eq.(7.6) the gain now depends upon the passive network only. 


Quantitatively the sensitivity of the overall gain А, to the variation of a 
particular parameter A is defined as 
_ 9AjA, 
K KIK 
It is the ratio of percentage change in A, to a percentage change in the parameter 
K. For example, the change in A, due to a change in A will be obtained as 


(7.7) 


From eq. (7.4) 


84 = SA AE (7.8) 

A(s) and f(s) etc. have been written as A and f for simplificity in eq. (7.8). Eq. (7.8) 

can be also be rewritten as } 
дА, 


E 7 
Ду ИГИ 9) 


Eq. (7.9) clearly shows that the percentage change in А, will ber times the 


percentage change in the open loop gain function A, Let us suppose, for example, 
that the feedback factor F is 25 in a transistor amplifier. The gain A of the ampli- 
fier changes by 20% due to a change in the h,, of the transistor. The change in 
gain A, after feedback will only be 0.89>—a remarkable improvement. 


7.2.5 REDUCTION OF NOISE AND DISTORTION 


Distortion due to nonlinearity of the active devices, power supply ripple 
voltage and disturbance due to the noise generated inside the amplifiers active 
devices etc. are reduced hy the application of negative feedback. At this stage 
we must remember a very important point connected with the reduction of noise. 
Any noise which isintroduced at the input of the amplifier is treated like a signal by 
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it and both the signal and the noise are amplified equally by the amplifier, Thus, 
the ratio of signalto noise remains the same at the input and the output. To 
illustrate a case wherethe noise (or distortion) is reduced by the action of negative 
feedback, let us consider the two stage amplifier shown in Fig. 7.2. 


Fig. 7.2 Noise and Distortion in an Amplifier 


We shall assume that distortion is introduced both at the output of the first as well 
as the second amplifier and is designated as Øg, and ó4,. For all practical pur- 
poses we can say that A, and А, are perfect and that ġa, and gj. are noise or 
distortion sources connected externally as if. The gain function is derived as 
follows. The output signal ¢, in terms of $, is 


Ad _ TRE eS dox 


If we assume that | AE f|> 1, then bs (7.10) reduces to 
ф = BOO els (7.11) 


Í A,.f (RA. f 

We notice from eq. (7.11) that фа, is reduced by a factor of (A,A;.f) while 

фа, is only reduced by a factor of А;/. The amount of reduction їп the distortion 

or noise depends very much on the origin of the disturbing signal, Since in most 

of the amplifiers the nonlinear distortion is introduced when the signal level is 

high, the distortion will predominantly be contributed by the last stage at the out- 

put of the amplifier. In such cases we can say that the distortion is reduced by a 

factor F in a negative feedback amplifier. It is also obvious from eq. (7.11) that 

any noise or distortion introduced along with ¢, is not reduced at all and is 
amplified by a factor (1/f) —the same as the signal. 


Another very interesting feature of the negative feedback is thal no improve- 
ment due to feedback will occur if the input signal level before and after feedback 
is kept the same, Let us illustrate the point by assuming that фат is zero in Fig. 
7.2 and the output is obtained from eq. (7.10) as 

A, A, & 1 
f: = фут AIA Фа. т ЛУУ, 


(7.12) 
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The first (erm on the right hand side of eq. (7.12) is the signal part S and the second 
term is the distortion part D at the output of the amplifier. The ratio of signal- 
to-distortion at the output is 
S — $.414; 
D Фаз 
Eq. (7.13) shows that this ratio is the same as would have been obtained even when 
the feedback was not present. Without feedback, the output say ø, for an in- 
put of ø, is [¢, А, A, + a:l] and the signal:to-distortion is same as in eq. 
(7.13). Eveu though the negative feedback has reduced the distortion, we find that 
the signal-to-distortion ratio is the same as would he without the feedback. 


(7.13) 


Let us proceed step by step to find what happened. A signal, is applied 
to the amplifier of gain (4, A,). The signal output is фу. ‘A,A,, the distortion is 
d, and total output is ф. Now a negative feedback is applied and the overall 
output goes down to ф». The signal and distortion components are as indicated 
in eq. (7.12). Now, if the input ¢, is increased such that ø, = Фф; again, then 
the signal component is approximately ¢, A, А» and the distortion component is 
$yo/(1—A1A, f) and their ratio is 
S _ Ad (1 — A, A, f) 


Bee фаз 


QA A, A, 
Фаз 


Thus the signal-to-distortion improves by a factor F only if ф, = ф, or in other 
words thé input is increased by an amount F after the feedback is applied. 


T. (144) 


Example 7.2.1 

i An amplifier using transistors has an iuput of 10 mV and a gain of 200 
without feedback. The distortion produced at the output is 10%. It is desired 
to reduce the distortion to 1% by negative feedback. Calculate the goin and the 
input and the output. voltages, 


Sigual input == 10 mV 
Gain = 200 
Therefore, signal output = 200 x 10=2V 
Distortion == 1070 02 V 
The distortion is to be reduced to 1%, therefore, 
0.2 


With F = 10, the signal output becomes 0.2 V. "Thus the signal сарин is 
02V ane the distortion output is 0.02 V. 
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The percentage distortion is still 10%. Now we increase the input from 10 mV to 
100 mV. The signal output will be 2 V but the distortion will remain at 0.02V 
and hence the distortion has reduced to 1%. 


7.2.3 EFFECT OF THE Frequency RESPONSE AND THE TERMINAL IMPEDANCE OF 
THE AMPLIFIER 
'The use of negative feedback increases the overall bandwidth of an amplifier. 
Let us assume that the gain of an amplifier as a function of frequency is given as 


Ao Vu 


Е s+ Og 


(7.15) 
where —Ao is the midband gain and ор is the upper 3dD cut-off frequency as 
derived in chapter VI. Let us further assume that f(s) is not frequency dependent 
and is simply given as fg. Thus, the gain with feedback from eq. (7.15), is 
—Ag Oy /(s 4 Oy) 
A T Әз. Н. 

1) TF A On. toile On) 

— Ao У 

gi Cree VE ee ake ище Mud v (7.46) 

jd s + (1 + Ao fo). Ou 
The new upper 3db breakpoint is at (1+: Aofo) oy or Foy, an increase by F 
times over the previous value. 

It can be shown similarly that the lower 3db break point is reduced by the 
negative feedback and thereby the bandwidth is increased. The frequency res- 
ponse with and without feedback is shown in Fig. 7.3 Аз seen the overall band- 
width increases by using negative feedback. 


or 


wi uL А wy шн(1+.Ао%) 
ItAoto * vue 


Fig. 7.3 Effect of Negative feedback on the frequency response of an amplifier 
Negative feedback helps us to modify the terminal impedances at the input 


and the output ports in any given direction. For example the input impedance 
can either be increased or decreased depending upon the way the feedback loop 
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is closed. Similarly the output impedance can also be increased or decreased by 
feedback. We shall discuss the details in the next section, 

The use of negative feedback helps us to realise transfer functions which 
cannot be realised by RC elements alone. RC networks in combination with ampli- 
fiers using feedback are extensively used for shaping the response of amplifiers and 
making active filters. 


7.2.4 DISADVANTAGES or Negative FEEDBACK 


We have seen that negative feedback gives a lot of advantages in terms 
of desensilivity to parameter variations, noise, a better control over the fre- 
quency response and the terminal impedances. The price paid for all this is some- 
limes quite exacting. A serious problem encountered in the use of negative feed- 
back is the introduction of instability in the amplifier, It is clear from Fig 7.1 
and Eq. (7.4) that there has to be a phase shift of 180° between 9, and p when 
a negative feedback is desired. Now both the amplifier and the feedback net- 
works are frequency sensitive and unwanted phase shifts may occur at the extremes 
of the frequency band. It may so hapen thet at frequencies much higher or lower 
than the passband there is an extra phase shift of 180°, with the result that the input 
aud the feedback signal are in the same phase, If the gain of the amplifier is more 
than unity at this juncture the amplifier will burst into self oscillations. Thus one 
has to be very careful while designing or making an amplifier with feedback and 
ensure that the feedback does not become positive while the loop gain is more than 
unity. Oscillators discussed in chapter XI require a positive feedback with a loop 
gain more than unity to start building up the oscillations, 


7.3 Types of Feedback 


The complete anelysis of negative feedback is rather cumbersome and tedious. 
We shall make certain approximations which are not exactly valid all the time. 
As mentioned earlier, we shall assume that there is no reverse transmission through 
the amplifier and that there is no forward transmission through the feedback 
network. The amplifier along with the feedback network and the input and out- 
put port connection is shown in Fig. 7.4. The inter-connection at the input and 


Source 
silat ies tl 


Source 


Fig. 7.4 Generalised connections of a feedback circuit 
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the oulpul ports can either be series or parallel, The source $, сар either be à 
current source or a voltage source, ‘The source and load impedances shown could 
be resistive as a simple assumption, For the generalised amplifier of Fig. 7.4 
four interconnections at the input and the output ports are possible. For example 
in Fig. 7.5(a) the input ports of the amplifier and the feedback network are connec- 
ted in parallel and at the same time the output ports are also connected in parallel. 
The configuration is called the shunt-shunt connection. The connection in Fig. 
7.5(b) is a series-series feedback since both the ports at the input and the output are 
in series. Now in Fig. 7.5(c) the input ports are in shunt but the output ports are 
in series and hence this is known as the shunt-series feedback. Finally in Fig. 
7.5(d) the interconnection makes it a series-shunt feedback. 


The amplifier in Fig. 7.5(a) is also called voltage output-shunt input feedback 
amplifier because the feedback voltage is proportional to the voltage at the out- 
put port and is connected in shunt at the input. In the same way, the amplifiers 
in Fig. 7.5(b), (c) and (d) are known as current-series, current-shunt and voltage- 
series feedback amplifiers respectively 


Re \—~ 


Spi ЦЕ 
ЕЗ 


(а) Shunt shunt feedback” ` 


Vi æ folo 


(6): Series- series feedback 
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I —- lo 


ME fo Vo 


(d) Series - shunt feedback 


Fig. 7.5 Feedback Amplifier configurations 


7.4 Shunt-Shunt Amplifier 


Negative feedback can be provided to stabilise the performance of a single 
stage amplifier. A shunt-shunt feedback single stage amplifier is shown in Fig. 
7.6(а) and its a.c. equivalent circuit is shown in Fig. 7.6(b). That this circuit 
produces negative feedback.can be demonstrated as follows. If the collector 
current increases due to some extraneous reason, then the voltage drop across 
Ro increases and the collector voltage falls, This decrease in the voltage at the 
collector is transferred to the base through the resistance R,. Once the base 
voltage reduces, the base-emitter voltage will go down and hence the collector 
currrent will reduce. We see that an increase in the collector current is 
immediately counteracted by a tendency to decrease it and keep it under control. 
This in effect is the negative feedback we have been talking about. 


Cı, C, and Ср are the usual coupling and bypass capacitors and have been 
assumed to be infinite. Cp also is a d.c. blocking capacitor. These Capacitors 
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(a) Actual circuit 


i Sn bs ЧА 
Tea 


Network 


(c) Seperation of the A and f networks. 
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pp Rel ene E NR 


(d) Complete equivalent circuit 


Fig. 7.6 Shunt-shunt negative feedback single stage CE amplifier 


do not effect the analysis at the middle and high frequency bands of operation. 
Rp, and Rp: in parallel with r, gives R, (say) but for simplicity we can assume that 
r,gH,.. Во and Ву! in parallel give R,. The circuit is redrawn in Fig. 7.6(c) 
and we see that a current 7, proportional to the output voltage V, is fedback 
through the f(s) network shown dotted in the figure. The equivalent circuit of the 
amplifier is drawn in Fig. 7.6(d). The circuit can be analysed using KCL equations. 
We shall also bring out the ‘A’ and ‘f’ networks later Bad show the direct method 
. of calculation with the help of this analysis. 


There are two nodes with voltages V, and V, and thus nodal analysis will 
be simpler. Writing the KCL DRE 


Eus A 
dec ^g. ta tz]- “al z] (7.17.4) 
i 1 Tow a 
0=%[ tm — x] taiat +g] (747) 
Solving the above set of simultaneous equations, the circuit determinant A is: 
1 T ue Se $ 4 4 1 Em 
A= — ES =} — i oad сены — 
(z+ +z) (x; + *x) TR, ju? 
) 1 1 
where it is assumed that gm > E and m can be neglected in comparison. 
f 7 
Hence ` 
1 1 1 
dio (кел Кр ) 


| cu (79) 
i 


1229 
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and Vite = | (7.20) 
Since V, = I, Rz, we can write 
V, n Rs 18 fn 
Io ny Em Ri ORES ; ze 
то UN E du 
(a; TR +) (a, +R; tg) R, (8m) 
In order to simplify eq. (7.21), let us put 
| 1:4 1 
T3 e ode donna 
sando j o oa (7.22) 
m Ade (f 1 pei 
+) == Wi 4 i 
Че TR) нә 4 
Hence i 
A, d ee fe RTI (7.23) 


І, N R, +R, +Ry + Bm R2 


1 
where again it is assumed that gj >R 
f 


In view of the assumptions of Eq. (7.22), the A in Eq. (7.18) ‘can be rewritten as 


1 Wed 1 1 
(а) ata) ti, 9 


до NA 
The input impedance with feedback R;ns to the right of the terminal (4,1) ri f 


Hence : ; 
huc 7 ей = 

o (mtn) m a) т E 
RyRy Е 
ог Rint = PALA pu 5 


(ft ER) (s ЕП) 


(Prk Ri) | nu RES 
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It we can assume that А, + Rysa R; 


then R 
— 1 
Ring 5 —— 


£m R R, 
4 adf 
TRER) 


It should be noted that В, is the input impedance without feedback. The Eq. 7.24 
can also be written as | 


(7.25) 


£y Ву Ва _ 
(А, + Ву) 
when R,’ is the parallel combination of A, and Ву. If Ry’ = Ha then Eq. (7.25) 
follows. We thus find that the input impedance of a shunt-shunt feedback ampli- 
fier is less than that of the amplifier without feedback. 

The output impedance can bé found by connecting a voltage source across 
the output terminals 2-2 in Fig. 7.6(d) and making J, = 0,. Proceeding in a 
similar manner as the input impedance calculation we get, 


Вошу = output impedance with feedback > 


(7.26) 
Solving Eq. (7.26) 


Roui = : gm R, Ra R, (7:27) 
(Ra + Ry) (Ri + Ry) 
where R, = Ro || В, = output impedance without feedback, 
Шуме assume that (R, || R) == В, and (R, |] R) R, 
then 


© + R) (R, + 8) 
R, | 
44 &m Ri Bs (7.28) 
Р, + Ry 


` Tt should be noted that while deriving eq. (7.26) and hence Rouz in eq. (7.28), 
it has been assumed that Rz is connected while the output impedance is measured 


ny {ошу = 
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or calculated. We thus see that the shunt-shunt eter reduces the output 
impedance, 


The gain in eq. (7.23) has been derived as a etu gain but the eq. (7.20) can be 


V, 
used with equal facility to obtain the voltage gain p 2 Bs substituting for, as 


ye mE] 


Rs A 
or’ E SER En Hs 
Vs 1 1 1 
R, lat 5] TR, [enmt] 
Simplifying . 


a £y R, Ry Ry 
Vs Ry, + Ra + Rf + Em Ry Ra 
In most of the amplifier circuits, it can be assumed that Em Вз » 1 and R R;, 
hence eq. (7.23) and (7.29) can be written as 
Io. Fa WE Em R, Ry 
Ts В, + В, + Re + guy Fa Re 


(7.29) 


(7.30a) 


gg Ё. R4 RB, 


and — 2+ 8 
8 А-А, + Ry + gu Ras 


(7.30) 


Example 7.4.1 


The single stage shunt-shunt feedback amplifier shown in Fig. 7.6a, has the 
following parameters 


Io = 2mA 
hg, = 250 
= 60 KQ 


Rc || Rz = Rz = 6009 
r || Re = | = 6000 
—40KQ 


Calculate the current and voltage gains, pe and output impedances with and 
without feedback. 


Now Bm = 40 Ic 
Or gm = 80 x 107? mhos 
В, = 


= 908 Q 
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where DSL = аты 10° = 3.125 KQ 
gm 80 
В, = Ro 11 R; 


= 594 Q 


From eq. (7.23) we have 
Io 80 x 1079 x 503 х 10° x 10 x 10° x .594 x 10%/.6 x 10? 


Nm T, (508.594 +10) x 109 + 80 x 107° x .503 x .594 x 10° 


-= — 11.38. 


From eq. (7.29) 
V, 80 x 107? x .503 x .594 x 109 x 10 x 10/.6 x 10° 


Aor = y — (0,508 110,594) x 10° +80 x 508 x 504 x 10 
див 


The current and voltage gains are the same because Ry == R; and А, = РА, in 
this problem. From eq. (7.25) 
m .503 x 10% 0 
i E (9x 10-9 x .503 х .594 x 108 
10.594 x 10° 


_ 503 x 10 
Т f+ 2.256 


ór Ring 454 Q 
Similarly from eq. (7.28) 


‚594 
Rout (m 14-2305 
=& 182 Q 
The current gain without feedback (Ry = оо) is 
1 Bm Ё, Ro 
Ilo Ry Re 


80 x 107* x .503 х 10? х 60 x 10? 
0.6 x 10+ + 60 x 10+ 


or ^ = — 40.63 
Is 
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Making Ry = © in А„, we get the voltage gain without feedback as 


The input impedance without feedback i is 503Q and the output аас without 
feedback is 594 Q. 

Instead of solving the feedback circuit problem using K CL directly we may 
identify the ‘A’ and the ‘f’ networks seperately in the Figure of 7.6(d), asmentioned 
earlier, Ordinarily this is a difficult task but in some feedback circuits the identi- 
fication may be done easily. In Fig. 7.6(d) the current Jy is caused by the output 
voltage V; of the feedback network. Taking into account the loading effect of Ry 
across the input and output terminals of the amplifier, the two networks A and f 
can be seperated as shown in Fig. 7.7. The values of A and f can now be calcu- 
lated seperately as 


“A? Net work 


If "t Network 


R4 + 


C) v»-loRL 


Fig. 7.7 Separation of ‘A’ and 'f' networks 


I, £y (JUR R,R 
oa Oy ани: се) (Жк) (7.31) 


where R, = Rg||Ri 
and R, = Ro || R, as before. 
Now from Fig. 7.7 Ip = VaR; where V4 = I, Hr, hence 


Lo Ду Ну Жай Че (12) 


Since 
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We can substitute the values of A and j from eq. (7.31) and (7.32) and obtain 


Rer ) (e w) 
R,+Ry 1+8; (7.33) 
а оле 
gm (Вуй, үү НН, ү В, 
er ds 


TD RyRy? ДАН Ry 


ei 
If we make the same assumptions as before, i.e. Ry & Ry. Ry > R, and gn > Ry 


we can simplify eq. (7.33) as 


T Em Hy Hg НҢ, _ 
йыл mons + А, + Ву-- RiR, (ет (em - 5 TRH 
R, R, Вун 
or Ау т бааа А (7.34) 


В, + Re + Ву gj P, B, 


| Note that eqs. (7.23) and (7.34) are the same 
From eq. (7.33) we see that 


HR, Ry . 
Af-7T-— 
te Em (= TE) (at E ^y) 
Again if R, |, Ry zz R, then 
Ri RiR, 


ao 

Тед Em А, +R; + Ry (7.35) 

The expressions of Riny and. Roue derived in eqs. (7.25) and (7.28) are seen to be 
R R і 

Rar кш E (7.36) 


It 


QA n 
and Rout A Tay ae th 


(7.37) 

We have obtained, therefore, an expression between the input impedance with 
and without feedback in eq. (7.36). The input impedance of a shunt-shunt feed- 
back amplifier is reduced approximately by a factor of (1—Af) = F. Similarly 
the ‘output impedance also of a shunt-shunt feedback amplifier is reduced 
approximately by a factor of (1—Af) = F. 

We have described a single stage amplifier and shown its terminal properties 
after an application of shunt-shunt feedback. The amplifier may, in general, be 
a multistage one but we can always represent it equivalently in terms of R,, R, and 
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generator gm V,. If the A and f network are seperated then the feedback ‘circuit 
can be analysed simply. ; 


Example 7.4.2 


The circuit in Fig. E 7.4.2 shows a very large gain amplifier with a shunt-shunt . 
feedback.- The input impedance R; of the amplifier is 500 Q and R, = 75 Q, 
and the gain A, without feedback is — 10,000. Calculate the gain with feedback. 


Rp 810 kf 


Fig. E. 7.4.1 


Note R, includes the source resistance if any. 


Drawing the equivalent circuit of the amplifier we can represent it as shown . 
in Fig. E 7.4.2. 


Rretü kn 


Fig. Е, 7.4.2 


Assuming R, >> R, and solving we get 


а vu EE 2o fà o 
y RC R R 
| qui en en) мА 


Since A, is very high, the aboye expression is approximated as 


V; R, 
Vs R, 


b 


= — 


‚ Hence gain with feedback œ — 10 
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7.5. Series-Series Feedback 


A single stage series-series feedback or a current-series feedback amplifier 
is shown in Fig. 7.8(a). The resistance R, left unbypassed in the emitter lead of a 
common-emitter amplifier gives rise to negative feedback. For example any 
increase in the collector current results in an increase of emitter current and hence 
arise in voltage across Ry. Since the emitter voltage rises, the base-emitter voltage 
difference reduces. and consequently the collector current is reduced, Thus, we 
see that an opposing effect is immediately produced to any change in the collector 
current. It is well known that once the current can be controlled the amplifier 


will be stable against all undesired’ variations. 

The a.c. equivalent circuit is shown in Fig, 7.8(b), The capacitances C,,C. 
and Cg are assumed to be so large that they effectively produce a short circuit at 
frequencies of interest. The resistances g;, Rp, and rg in parallel are represented 
by Rg and the voltage source as Vs. The Fig. 7.8(c) shows the interconnection at 
the input and the output terminals along with the equivalent circuit of the ampli- 
fier. This indeed is a series-series feedback of Fig. 7.5(b). In order to simplify 
the analysis the circuit is redrawn in Fig. 7:8(d). The current generator gm V, 


(a) Actüal circuit 


RL = Rc IRL 


: (b) Equivalent circuit 
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(c) Interconnection of A and f network 


(d) Circuit redrawn 
Fig. 7.8 Series-Series feedback amplifier circuit 


and resistance A, in parallel are represented as a voltage source g,, V, R, with R, 
in series using the Thevenin's theorem. Since V, isJ, R, the generator is written 
as (g, Ro В, 1, ) for convenience. Writing the KVL equations 
Vg = I (Rg thy +R) – І, Ry . 7,38(a) 
O = I (Em Ry Ro — Ry + Ig (Ro + Ri + В) 7,38(b) 
Now 4 А; R> R; in eq. 7.38(b) and can safely be neglected in comparison, 
The circuit determinant A can thus be written as 
A = (Rs + Ri + Ry (Ro + Rz +R) + EmRiRoRg (7.39) 
Assuming that 


Re th = RB 
Ro + Rz = R, 
eg. (7.39) is 


А == (B, + Ry) (Ry + Rp) + „НОН, (7.40) 
Solving for 7, and J, we get, fi 


VIA T LRL Ne - (7.41) 


l= A 
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VsUS + Ry] | (7.42) 
A 


Since V, = I, Ry we obtain the gain as 


and T3 


We c DE E 
Vs (By + Ry) (Ry + Ry) + Em Re Ro Ry 
The input impedance with feedback А, „у can be calculated, from eq. (7.42), as 
Vs TOU 
2 PAD КШ Mn. ms 
nou M SU M 


(7.43) 


Ry = Cerf Toi AA E En Fa Ro Ry 
oh hg (Ra -F Ry) 


Simplifying eq. (7.44). by assuming that H,*^ R, and Л, || Л, & Ry for the CE 
amplifier we obtain -~ 


(7.44) 


i __Еп № RoR, — 
Ping = (Ri -H Ry) [4-- - КӨЛҮ Жа ] 
or Ring A Ri + (1 + g,, Ri) В, (7.45) 


‘Now gm R, the effective gain of the amplifier without feedback is far 
greater than one and hence eq. (7.45) is further simplified to 


Ring F Ry -- Em Р, n, (7.40) 
D» Bm Pt R 
or Лоу FR и + ee м) 


Similarly the output impedance with feedback Roney is given by finding J, іп equa- 
, tions 7.38(a) and (b) with a generator connected at the output terminals. Therefore 


A 


mmc ens. MA 4 
Лошу В, ч fy | (7. 17) 
~ V T T (Ra Л) + bm В, Ho Ry 
R, БЕ n, 
Rewriting à 
Em Ry No R 
Лоле = (Ra F RY |А amt ot 7.48 
wi А oed i 
Assuming that R, + 2p N, and Ro Ry 
Rout My [1 puo y e LL ELE (7.49) (a) 


Ut + R3) (Ra + В) 
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Bm Ri Ry 
а diss m Дд 7.49) (b 
or Bee Ed tu] (749) (b) 
where R, is the output impedance without feedback, We see from eqs. (7.46) and. 
(7.49) that both the input and output impedances are increased by-series-series 
feedback. 


The equations for the gain, input impedance and oulput impedance. with 
feedback in eqs. (7.43) (7.46) and (7.49) can be simplified for the single stage CE 
amplifier of Fig. (7.8) as 


Ke UHR E 
Vs 7 (UF BRR” | 
| 
ВВ, | 
Kina ly [1 A A ] Р (7.50) 
| 
f BR, | 
DPA EA АЙ ү Reel lc А 
Perta e (+R, jl ) 


since g,A, == and Ro == ry of the transistor. Also RY (o H,in such 
single stage ampliliers. i 
Example 7.5.1 

In a series-series feedback amplifier of Fig. 7.8(a) il is given that 
Ry = Ro || Ry’ —1K 9, R; = 1000, Ro = 80KQ, Hg, || Rg, = 6KQ, г, = 100 Q, 
Іс = 1 тА, В = 200, Caleulate the gain with and without feedback, the 
feedback factor F, the input impedance and the output impedance. 


Since Io = 1mA 


£n = — = 40 x 10765 


в 

HA Br, — 5KQ 
R, —100Q6K = 98Q 
R, — 5098KQ 
Ra = 80+1= 81 КО 

From eq. (7.43), the gain with feedback is 

Maina) 40 x 1073 x 5x 10? x 80 x 10% x 1 x 10" 
~ 9.198 X 10 x 81x 10° 40x 40 3 x 5x 05x 80x 108x100 


Vs 


V, 
= — 7,92 
or y 7 
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Using eq. (7.50) the gain is 


УЛ, i ae ыра 
ү, nou RR us 
а 200 x 0.1 
1 + 5098 
= 7.96 


We see that eq. (7.50) is a fairly good approximation of eq. (7.43). 
From eq. (7.44) 
5.198 x 102 x 81.1 x 109 1-40 x 1079» 5 x 10 x 80 x 10° x ,Ax40* 


Ri 
gd 81.1 x 108 
or, 
Ring = 24.93 KQ 
From eq: (7.46) 
Rang 5.098 x 10 (1 PLUS dua 


or Reap 25.1 КО 


From eq. (7.49) (а) Roug is 
200 x 80 x 10? x -1 x 109 
R..,=8 X105 | 1+ —— — — ——— a 
outf [ "E 5.198 x 10? x 81.1 х 10* ] 
or Routy = 388.4 КО, 
From eq. (7.50), the approximate Houi = 392.66 KQ 
The gain without feedback is 


or Ay = — 39.2 
Rin = Ri = 5.098 x 10°Q 
Rous = R, = 81 x 10°Q 


F PM. LR 4.95 
А; 
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The network of Fig. 7.8(c) can be seperated iuto the “А” and “Гү networks 
easily by identifying the circuits as shown in Fig. 7.9. The effect of R, is taken into 


account by including it in the input and output mesh equations. 


Fig. 7.9 Seperation of the ‘A’ and ‘f’ networks in the series-series feedback amplifier 


Va ir Io ^ R, 
dé pU £y V, Ro Hj 
Ro +R, + Ry 
Similarly ^ Y, Re 
‘RR, +R, +R; 
Substituting for V, in the above equation we get 
Ged wu С LU 
Vs ns (R, + Ry) (P5 В) 
R 
Now V,=I,R,=V,.— 
R; 
V, Ву 


hence fs A ma R 


Therefore 


— bm Ri Ro Rr 


Qu R) (Ra Ry) 


VENIAM ORE 
My £m By Ro Ry 


(7.54) 
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Simplifying, the vain is 


Em Ry Ro Rr 
sits s над 7.53) 
АИ) (РА) e, RB, t 
and 7 is 


ETT. R, Ro Ry (7.54) 
(Ri + Ry) (Ry + Ry) 
Comparing eq. 7.53 and (7.43), we see that they are the same. The eq. (7.54) 
can be simplified by the assumptions made earlier and il is seen that Ring and 
Ношу of ед. (7.46) and (7.49) аге 
Rp FSR 11 А. f] (7.55) 
. Rog АВ, LA- (А. 3] (7.56) 
Though not very accurate, we see that for series-series feedback the input and the 
output impedances are increased by the factor F approximately, 

We have seen that Hoth the input and output impedances decrease with shunt- 
shunt feedback and increase with series-series feedback, In case the amplifier 
has series-shunt feedback, the input impedance willincrease but the output impe- 
dance will decrease. Similarly for the shunt-series feedback the input impedance 


will decrease and the output impedance will increase, Table 1 shows the terminal 
impedance of negative feedback amplifiers under different interconnections, 


Ad? 


Table £ Behaviour of terminal impedance with negative feedback 


Types of foedback 
‘Terminal Impedance F shuntshunt. E Sina |. ш: Бошой АНШИ теа 
Input impedanco \ асаана. К decreases $. [БЕКТЕ Шырдан КО Шабан 
| Output impedance decreasda тартар E S i ра dooresaos 


7.6 Stability and other Considerations 


We have seen that the application of negalive feedback requires that the 
feedback signal is 180° out of phase with the input signal. In other words, any 
signal applied inside the feedback loop circulates around the loop and returns to 
the same point with its phase shifted by 180°. Тыз is true and will hold for 
signals in the middle band of frequencies, As the signal frequency is increased, 
however, each transistor or active device stage will produce a phase lag which will 
increase with frequency, Now, if the forward amplifier is such that this extra phase 
lag becomes 180 or more at the high frequencies, the feedback voltage will become 
in-phase with the input voltage. This is clearly regeneralive or positive feedback 
and the oulput of the amplifier will go on increasing with time. The amplifier 


is unstable if the loop gain exceeds unity when the total phase change around the 
loop is 0° or 360°, 
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Going back to eq. (7.4). we see that 


A(s) A(s) 

49 = ГД FO 
and both A(s) and f(s) are frequency sensitive. In orderto study the problems of 
stability we look at the dencrsinator of eq. (7.4) and analyse the behaviour of the 
roots of this equation as the frequency is changed. The roots of this equation 
F(s) = 0 are central to any study of the stability condition. There are several 
methods, however, available for testing the stability of a system without actually 
finding the roots. Some of the important techniques are the Nyquist plot, the 
Bode plot and the root-locus technique among many others. 

An attractive feature of the Nyquist plot is that it permits experimental data 
to be used directly for design. ‘The root-locus technique on the other hand provides 
a control over the transient and the frequency response of an amplifier simultane- 
ously and provides а wide view of the transfer function. 

In some of the amplifiers we have discussed earlier in this chapter we have not 
examined the case whether the amplifiers remained stable after the feedback has 
been given. Particularly in the two stage amplifiers, if the feedback is increased, . 
it is quite likely that the whole circuit will oscillate. Other than the problem of 
oscillation the feedback aiso controls the locations of the poles of the amplifier 
and thus it is possible to design circuits with maximally flat magnitude (MFM) 
response which may be ‘optimum under many requirements. 1 


(1.4) 


Review Questions 

7.4 Why should feedback be used if the gain of the amplifier is actually reduced ? 

712 What is the sensitivity $4 of an amplifier ? 

7.8. [na feedback amplifier does the noise introduced at the input get reduced ? 
Explain. 

7.4 In а multistage feedback amplifier, is it correct to say that negative feedbaok 
is most effective where the distortion introduced is highest ?: Explain. 

7.5 By what factor does the upper 3 db frequency increase in a negative feed- 
back amplifier ? 

7.6 What are the disadvantages of negative feedback ? 

77 ‘Will a circuit with negative feedback always remain stable ? 

7.8 What are the possible interconnections between an amplifier and its 
feedback’ network ? 

7.9 In a shunt-shunt amplifier, what happens to the input impedance after 
the application of the feedback ? 

740 Does the current gain of the shunt-shunt amplifier also reduce by the 
application of negative feedback ? 

7.44 By what factor does the output impedance. decrease in a shunt-shunt 
feedback amplifier in comparison to an amplifier without feedback ? 

142 Doestheinput impedance increase in a series-shunt amplifier? By what factor ? 


044 BASIC ELECTRONICS 

7.43 It is required to have a large input impedance. What type of input terminal 

connections should be used ? 

ТЛА Will the lower 3db cut-off frequency of an amplifier be affected by a series- 

series feedback circuit ? 

7.45 What type of feedback has been used in an emitter follower circuit ? 

746 Draw a circuit of a shunt-series feedback amplifier. 

747 When will a negative feedback amplifier circuit be unstable ? 

71.18 What is a Bode Plot? | 

Problems 

P 7.4 An amplifier has a gain of—200 an output of БУ peak and has a distortion 
of 20 percent. Due to parameter yariations the gain is likely to change 
by 25 percent. It is essential that the distortion is less than or 
equal to two percent. . What should be the feedback factor of the feedback 
amplifier? Find the new gain and its sensitivity to parameter variations. 
What should be the new input ? 

P 7.2. In a single stage shunt-shunt amplifier of Fig. 7.6 (a), it is given 
that Ао || R^; = 600 О, r, [| Rp; || Ree = 100 Q, Ic =2mA, В = 150. 
Find Ry if the voltage gain is — 10. Assume Воз Rz. What is the 
feedback factor Е? 

Р 7.3 If Д changes by + 50 percent in Р 7.2 what would be the change in 
voltage gain ?. Can this change be made + 5 percent by a proper choice 
of Ну. Find the new value of Ry. 

P74 In P 72, the transistor’s other parameters are given as Typ’ = 50 Q, 
бус = 5 pf, ùm = 250 Mrad/sec. Estimate the bandwidth (upper 3db 
frequency only) without and with feedback. 

P 7:5 Calculate the input and the output impedances with and without feedhack 
in P 7.2. 

P 7.6. А single stage FET amplifier with a shunt-shunt feedback is shown in 
Fig. Р 7.1, Find the value of Ry ifa gain of — 5 is desired. It is given 

Vpp*18 V 
10k 


Con 


Fig. P7.1 


Pat 


P 7.40 
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that Ip = 1 mA and gm >=:2 mA/volt. ` Neglect rg. What are the input 
and the output impedances ? ‘ i 

An amplifier's gain is reduced using series-series feedback as shown 
in Fig. 7.8(a). The parameters of the circuit and the transistor are 
Іс 5mA, f = 200, В; = 0.6K Q, R; = 1 KQ, Р, = 80K Q, what 
value of R, should be used to get a voltage gain of —8? Find the 
input impedance with feedback. What is the ioop transmission function ? 
In P 7.7, if the transistor's high frequency parameters are given as 
ry = 60 О, Cote = 3 pf, fr = 200 MHz, find the upper 3db cut-off 
frequency with and without feedback. Кы 

A negative feedback amplifier is shown in Fig. P 7.2. | What is the type 
of feedback? Calculate the gain, input and output impedances of the 
circuit. It is given that Jp = 1.5 mA and gy, = 1.5 mA/volt. 


Vop* 18 V 


Fig. P. 72 


An a.c. equivalent of a shunt-series amplifier is shown ia Fig. P 7.3. 
If it is given that Ге, = 1 mA, Ic, = 5 mA, Ry = 600 Q, r, = 600 Q, 
Ro = 1 К О, Rg = 200 О, № == 8, = 100. Find the voltage gain with 
feedback and the input impedance. 
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P 741 A series-shunt. amplifier using FET is shown in Fig. P7.4. If the 
transistors are identical with Jp, = Ip = 2MA, gm = 1.5 mA/volt and 


ra = 100K О, find the voltage gain, what are the advantages of this 
circuit ? 


Ry =10 kR 


Ry = 10kn 


Fig PTA 


P742 Ina vacuum tube amplifier, the resistance in the cathode is left unbypassed. 
Find the gain, input impedance, output impedance and the feedback 
factor F of the circuit shown in Fig. P 7.5. It is given that p = 20 and 
ry — 10k Q. 


Out 


Fig. P 7,5 


8 


Operational Amplifiers And Their Applications 


8.0 Introduction 


We have so far discussed some electronic devices like diodes, transistors and 
vacuum tubes and their applications in building up. amplifiers, rectifiers etc. The 
circuits were based around individual devices. With the advent of micromini- 
aturization in solid state technology it becanie possible to package a large number 
of transistors, resistors, diodes etc. in a small chip. A complete very high gain 
direct —coupled amplifier, called operational amplifier, could be packaged into a 
size equal to one conventional transistor size. This operational amplifier or op- 
amp has become a basic building block that is used in a broad range of electronic 
circuit applications such as amplification, rectification, waveform generation, non- 
linear waveshaping, filtering and active filters. The commercially available op- 
amps are so well designed and trouble free that amplifiers and other circuits etc. 
built around single transistors are not used any more except in very special cases 
of very high frequency applications. 


In this chapter we shall discuss the principles of op-amps, their performance 
limitations and some simple applications. We shall describe the input and the 
output circuits of an op-amp and the compensation techniques used for making 
the circuit stable. 


8.1 Ideal operational Amplifier 


Instead of talking about a device and its characteristics, here we shall discuss 
the behaviour of a complete circuit packaged as a single system with some leads 
brought out. . Other than the power supply and the ground Jeads, the operational 
amplifier has three leads or ports of connection. It has, thus, two input ports and 
one output port as shown in Fig. 8.1(a). One input port is between the ground 
and the terminal marked as. the negative. terminal or, the terminal 4, -The other 
input. portis hetween terminals marked as the positive terminals or the terminal 2 
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and the ground. The output portis between the terminal 3 and Ше ground and 
the output is designated as V,. The polarity of the output is as assumed, 


(a) Ideal op-amp 


Ig= 0 + 
! = i 3 1 = - 3 
Ig=0 
+ | + 
Va=0 Vo Va=0 Vo 
2 = 2 pue шш» } = ' 
(c)  Afernative equivalent 
(b) Equivalent  circult circuit 


Fig. 8.1 Op-amp 


Let us assume that the operational amplifier is working in the linear region. 
Its ideal characteristics are 


(i) its gain is infinite i.e., A = cc 
(ii its input impedance at both the ports is pias 
(iii) its output impedance is zero 


Let us exemine the implications of the three properties given above. The 
infinite gain property will mean that for a finite Vo, the input voltage У, between 
the positive and negative terminals is zero. Infinite input impedance will mean 
that none of the input terminals draw any current ie, J, = 0 and I, = 0.. Zero 
output impedance will mean that any current can be taken from the output with- 
out disturbing Vo: 


An equivalent circuit of the op-amp can be modelled either as shown in Fig. 
` 81(b)orasin(c) The equivalent circuit of Fig. 8.1(b) satisfies the condition that 

= 0. The simultaneous requirement that the op-amp does not draw any current 
at any of its input ports is indicated by stipulating that J, -= 0. Thus, inspite 
of a short circuit at its input ports, the op-amp does not draw any current at the 
input. The alternative equivalent circuit of Fig. 8.1(c) satisfies the condition that 
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І, = 0. The simultaneous requirement that Va = 0 is indicated on the diagram. 
While analysing op-amp circuits we can use either of the equivalent circuits with 
equal ease. ; 

Some additional assumptions about ideal op-amps are 

(i) their bandwidth is infinite 
(11) they are nerfectly balanced і.е. Vg = 0 if 
V1 = Vs 
(ii) their characteristics are stable against temperature variations. 
We shall examine some of these properties later in detail. 


8.2 Amplifiers using Op-Amps 


Practical amplifiers are built using op-amps. with negative feedback. 
The output terminal is connected through a resistive feedback to the negative ter- 
minal. The input may either be connected to the negative terminai orto the posi- 
tive terminal. If the input is connected to the negative terminal we obtain what 
is called an inverting amplifier. Noninyerting amplifier is obtained when the 
input is connected to the positive terminal: There is a third possibility when the two 
inputs are connected to the positive and the negative terminals and the difference 
of the two inputs is amplified. Thisis known as the difference amplifier. The amount 
of amplification is controlled by the feedback arrangement and can be set to any 
reasonable value including unity aud less than unity. 


8.2.1 Non-INvERTING AMPLIFIER 

A non-inverting amplifier is shown in Fig. 8.2(a). The resistance R, is con- 
nected between the output terminal 3 and the negative input terminal 1. А resis- 
tance А, is connected to ground as shown. The input signal V, is connected to the 
positive terminal 2. A load resistance R; is also connected at the output. The 
equivalent circuit is shown in Fig. 8.2(b), where we have used the equivalent 
circuit of Fig. 8.4(c). The technique of solving for V, will consist in obtaining and 
then equating V, to zero. Thus, in Fig. 8.2(b), we have 


В, 
Vio куч ию (8.1) 
а А+ Н, ) о i д j 
Setting V, =: 0, we get from eq. (8.1) 
HEURES 
CUm * 

Vo А-Б; 

or ДЫЙ; Ri 
Vo Hor Hong 

X V SULLAM tor a aa 
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(a) Circuit connection 


(b) ` Equivalent circuit 


Fig. 8.2 Non-Inverting Amplifier 


From eq. (8.2) as well as from Fig. 8.2 we observe that the gain is positive. This 
is the reason why it is called a non-inverting amplifier. The gain is equal to or 
greater than one. If Аз = 0, then the gain is +1. Unity gain will also be obtained 
if Д, == 00, 


Another very iuteresting thing. about this amplifier is that the gain G, is 
only governed by two resistances R, and R, and is independent of (i) the source 
resistance (ii) the load resistance Rp and (iii) the parameters of the op-amp as 
long as the assumptions about it are valid. The output impedance is zero and 
hence the output. can be loaded independently of the gain. In practice, however, 
the op-amp should be capable of supplying the output currents required hy the 
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feedback network and the load resistance Rz. ‘The gain obtained is thus very 
stable and trouble free. 


8.9.5 INVERTING AMPLIFIER 


The circuit diagram of an inverting amplifier is shown in Fig. 8.3(a). 
The source V, is connected in series with R, and А, is connected across the output 
and the negative input terminals as before. The positive terminal is connected to 
ground. The equivalent circuit is shown in Fig. 8.3(b). Here we have drawn the 
other equivalent circuit of Fig. 8.1(b) for illustration. | 


(а) Circuit diagram 


(b) Equivalent circuit 


Fig. 8.3 Inverting Amplifier 


Now, writing down an equation for I, we һауе 


Дый 83) 
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Since I, = 0, we cbisin from eq. (83). 


Vo VG 
R, В, 
Vo Р, 
б = — 8.4 
gu fmm n (84). 
From Oy. (2/15 ас woul as from Fig, 83 we observe that the gain'is negative. 


This is the reason why this circuit.is culed an inverting amplifier. The gain is 
obtained as a ratio of two resistors and hence is independent of the load resistance 
Ву, and other parameters of the op-amp. The gain can be set to any value and 
naintained accurately. The internal source resistance is included as a part of the 
resistance Лу. The source should be capable of driving a current of V,/R,. The 
op-amp has zero output impedance but in practice it should be able to drive the 


current through А, ( = ко ) апа Ke = ко ). 
ШУА k 


8.2.8 DifFERENCE AMPLIFIER 


If the difference of two signals V; and V, is to be amplified, then the op-amp 
is connected as shown in Fig. 8.4. Taken individually, the inverting gain 


Fig. 8.4 Difference Amplifier 


R M eee 
y is less than the non-inverting gain ( 1+ E) For subtracting V, and V; 
Ry Ry 


itis essential, therefore, to make the gains of the two input ports equal. The 

non-inverting input is thus reduced іп amplitide by the Ry, R, network shown, In 

order to calculate Vo we can use the idea of the linear superposition theorem, that 

is, we consider first that V, alone is present and find Vo. Next, we take V, alone 

as present and calculate Vo. We then add the two together to obtain the overall 
output. Thus, considering V, alone as present we obtain Vo as 
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у= V. (- (8.5) 
1 


Next, considering V, alone as present 


R 
44 Fs 
m ra TR +) (9) 
Combining eq. (8.5) and (8.6), we obtain 


Vna a o (B) e (er ee (n 


R (1 +), | 
ог Your mE анна еа (8.7) 
1 А, 
44 3 | 
R, 
n 1 
In eq. (8.7), if ATE then 
Ry 
„= (non) {ури GD) 


The eq. (8.8) shows that we obtain the difference of (V, — V.) at the output though 


‚В, 


Ry’ 


source impedances of V, and V, are included in R, and R, respectively. 


multiplied by a factor of =. Thus, the amplifier is a difference amplifier. The 


The derivations of the noninverting, inverting and difference amplifiers in eq. 
(8.2), (8.4) and (8.8) assume that R, and А, are resistances, In fact, it is not nece- 
ssary to assume this and R, and R, may be complex impedances. The gain equa- 
tion for an inverting amplifier will then be 


and  G,(s)) = 4 +29. | for a non-inverting 


amplifier. 
Example 8.2.1 


A difference amplifier having a voltage gain of 50 is required. Calculate the 
values of the different resistances. | How much is the non-inverting gain of this 
amplifier ? If the input signals V, and V, are equal, what 1з the output ? 


a Ам... 
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The differential gain is given by eq. (8.8) as 


Gra =F = 50 as required, 


Assuming R, = 47 KQ 


В, = 9400 

| Rs В, 

From eq (8.7), — = — 
q ( "n R, 
Р, Ry. 
a e ne 


Therefore, R, = 47 KQ and Ry = 9402 


Now non-inverting gain = ( 1 Zz ) ( ES 7 ) 


1 


pan as 
44% 54 
R 


"(tat 


The output V, = 0 when V, = Va. 


8.2.4 Тнк SUMMING AMPLIFIER 


Op-amp can be used to add two or more signals as shown in Fig.8.5. We 
can calculate the output by finding 7, and then equating it to zero. Thus 


Hence 
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В, R; 
око ae Nh Haa] (8.9)(a) 
If А, = В, Н then 
R 
y,--— * [ V, 4-V.] 8.9(b) 


We should remember that Ft; and R, include the source resistances of V, and V, 
respectively. Since there is.a virtual short circuit at the input, the sources V, 
and V, do not interact with each other. In other words R, has no effect on source 
V, and hence the gain associated with Аз and R,. Similarly R, has no effect on the 
gain produced due to the source Vj. The output is proportional to the sum of the 
two signals. 


Example 8.2.2 


Calculate the output of a summing amplifier where R, = 10 КО, R} = 5kQ, 
aid Аз = 20 KQ. The input signals аге V, = 0.3 cos wt and V, = 0.2 cos ot. 


The output Vo = x Vi -F V; 
1 2 


= — [2 x 0.3cos ot + 4 x 0.2 cos at] 
= — [0.6 cos wt + 0,8 cos s 
= —14cos ot. 


The op-amp characteristics that we have assumed have been ideal. The 
actual circuit will have imperfections and the performance will only approach the 
ideal in a sense, Thus, the actual IC op-amps have a gain between 109 to 10° ins- 
tead of infinity. The input—impedance ranges from a few hundred kilo ohms to 
a few hundred mega-ohms and so on. Before going into these actual characteristics 
let us firstsee how these op-amps are assembled or built, The IC op-amps available 
in the market diffe: considerably in the type of circuits, transistor s and number of 
stages used. In its most general form the op-amp consists of two stages of diffe- 
rential amplifiers followed by a driver and an output circuit. The input in special 
cases may use a circuit known as a Darlington pair or an FET in differential ampli- 
fier connection, though in ordinary op-amps simple differential amplifiers using 
BJT are employed. We shall first describe a differential amplifier in the next 


section, 


8.3 Input circuit-differential amplifier : 

Normally the op-amps are designed to haye а differential input because it 
offers certain’ advantages of balance and rejection of stray pickup signals etc. 
The differential amplifier is the first stage of such op-amps. Conceptually the block 


256 BASIC ELEOTRONIOS 


diagram of the differential amplifier is as shown in iig. 8.0. It has two input 
terminals 1 and 2 where signals V, and V, are connected. There are two output 
terminals 3 and 4. The output at 3:is Vo, and the output at 4 is V,a both with res- 
pect to ground. The differential output also can be taken between 3 and 4 and is · 


designated as Vo. 
Differential 
Amplifier 


= 


Fig. 8.6 Differental amplifier 


In a differential amplifier various connections are possible. We can connect 

a balanced or double ended signal to the inputs 1 and 2 and take a double ended 

` or balanced output between 3 and 4. On the other hand, we could take а single 
ended or unbalanced output only say Vo, = Vg —for the same balanced input. 
Both connections are extensively used. The third possibility is that we use a single 
ended input—either at 1 or 2—and a single ended output. This configuration 
also is quite popular. Let us assume that we are interested in a differential anpli- 
fier with a balanced input and a single ended output Va (at Vo). In au ideai situ- 
ation we expect that 


Vo = А, (V; — V3) (8.10) 


where A, is the differential gain of the amplifier and Vi, У, are the input signals. 
Evidently from eq. (8.10) if we have V, = V, then Vo = 0. In other words it 
means that any signal which is common to both V; and V, will cancel at the 
output. 

There is a note of caution in using eq. (8.10). The output of the amplifier 
does not depend only on the difference of V, and V, but also on their average leve!. 
Thus, for instance, the gain of the amplifier will be different in two cases where 
(i) У, = +25 ту, V, = —25 mV and (ii) V, —625 mV, V, = 575 mV. The 
difference signal in both cases is 50 mV but in the second case the average signal 
is 600 mV whereas it is zero in the first case, We shall therefore define two signals, 
one as the difference—mode and the other as the common-mode as 


Difference mode signal = Va = (V, —V;) 
and Common mode signal = V, = $ (V; + V3) (8.11) 
We shall write the output V, of the amplifier in terms of Vg aud V,. 

Applying the principle of linear superposition to the circuit of Fig. 8.6, let 


us assuine that V, is not there and the terminal 2 is grounded. The output at 
terminal 4 with respect the greund is say A,V,. Similarly, if we assume that Vi 
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is not there and the terminal 1 is grounded, then the output al terminal 4 is 4, V». 
By the superposition principle we can state that when both V, and V, are present then 


V =A V PAV | (8.12) 
Writing V4 and V, in terms of V; and V, we-obtain, from eq. (8.11), 


1 
V, = Vo + (8.13) 
1. 5 
and V, m Vo — 3 Va 


Substituting these values in eq. (8.12) 


ү, = A (V. 55 E^ +а. (У, зи) 


1 
а а 4-43) V, + a (41 — 43) Va 


pÉ 


oiv ДЕУ, 4 Ae Va l (8.14) 
where A, = A, +4: 
and PR a ES (Ay —A9) 


We can use eq. (8.12) and (8.13) for finding the differential gain Aq and the 
common-mode gain A, of any differential amplifier. The output in any differential 
amplifier will then be given by eq. (8.14). The eq. (8.14) describes a situation when 
there is a balanced input and an unbalanced output. If a balanced output is 
taken, then we take the differential output between the terminals 3 and 4. 

A common-emitter differential amplifier is shown in Fig. 8.7. The two 
transistors are assumed to be identical in their characteristics, and the collector 
resistances are equal to Rg. The d.c.bias is so adjusted that the emitters are at 
about —0.65 V, the cut-in voltage of the transistor so that the bases can be grounded 
physically if required and the transistors will be conducting properly even then. 
We can calculate A, and Ag seperately as has been suggested above. Assuming 
terminal 2 to be grounded and taking the output at 4, we can draw the equivalent 
circuit as shown in Fig. 8.8 R, is the input resistance of the transistor and is 


1 
approximately equal to fr, and gj A d Solving for the circuit in Fig. 8.8 
; в 
Vm Vi 


» © R t 
Now Vo = Em Vg Ro = T We (8.15) 


л 
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Fig. 8.7 Differential amplifier 


9m VE 
—- 


Fig. 8,8 . Equivalent circuit of a differential amplifier. with V, connected 


x Writing KCL at node Vg we have 


or 


or 


(8.16) 


Ry(R, + T4) 
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Substituting the value of Vg from eq. (8.16) into eq. (8. m. we obtain 


ad A jn Relr, 
AVE Вг, (8.17) 
2 RR, т) 


We notice that this is the non-inverting input terminal and gain is + A,. 
Similarly, if the input is connected at terminal 2 and the terminal 1 is grounded, the 
output V, at terminal 4 can be calculated from the equivalent circuit of Fig. 
8.9. Now at the terminal 4, the output V, is 
Va —Vg. 
VK RU Ro (8.18) 


9m( V2 - VE!) 
pedis 


c2 Vo7Vo? 


Fig. 8.9 Equivalent circuit of the differential amplifier with V; connected 
Solving for Vg froin Fig. 8.9 by writing the KCL we obtain, as in eq. (8.16), 


1 1 
Yat a) Gates, 0 
Hence Vg = 2 : (8.19) 
К | 
m Р, ctr 
Substituting the value of Vg from eq. (8.19) in eq. (8.18) 
V, 
pota ee rui M HO IER (8.20) 
Te $ 2 ua В; те 
RAR +n) 


Hence A, is obtained from eq. (8.20) as 


Vo Re] · 1 
Se LL ды 
Ay Y; r, dia. PT für, 
Rg(Fà + т) 
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£p om 
В|. al Ta” |, (821) 


Notice the negative sign in eq. "n и). 
Having calculated A, and Ay in eqs. (8. 17) and (8. 21) we now can obtain Ag and 


A, Thus 
; P 
Ag = zA — Ax) 
f o^ 1+ \ 
ага P NN dor om 
nt 2 e 1 i, TI j 2+ Rit 
Lae Ro Ren 
Em E : 
s or CES ym | (8.22) 


The conunon mode gain A, is obtained as 


A, = 41+ 4s 
\ 
: 4 A Te 
ЗШ Re 1 ein Rg(R T n) 
r Hr, В; Те 
ees í e 9i 
"Bh ER) MUS UD 
Simplitying w 
1 ) BE. 
dic Jj ean m PN ie 8.23) 
Ваа Quo ( 
В; Te 


Eq. (823) can be simplified further by assuming that R, (= Bre) $ те and hence 
А ғ, ха Ri. We obtain from eq. (8.23) 


or A, Re [e (8.24) 
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If the sources have an internal source resistance of 7t then the eq (8.22) and (8.24) 
will modity to i Н is 


4 | 
Aa 5: 2 той (825) 
» morb om ' 
B 
and 
Agree Re (8.26) 
2aRpr binges 


Example 8.3.1. j 


A differential amplifier as shown in Fig. 8.7 has Rg = 5KQ, Rg = 6KQ and 
Io = 1 тА. Calculate the differential and common mode gains Ag and A,. 


Since Ig =1mA 
Lm = 40 Io = 40 mo 
1 1 


WIE OAM QU ША UCET ШИ, 
"e guo 40x 1078 M 
"m de Кот 5 
Therefore, А, = эт, = —3x 64-0025 


and Ал = су. Tuer QU суеп 


In the case where a differential output is taken (Vo, — Voz) can be shown to 
be twice the value of the gain calculated in eq. (8:22) That is 
R 
A, | differential = — (8.27) 
output e 
Similarly, if a single ended input, say Vj'is given and a single ended output is taken, 
then from eq. (8.17) Я 
Vo Ас 1s 


a . 
Vy Te 


Dita 
Hg 

Now r, < Hg and therefore 
1 


d ET : joies (8.28) 


M 
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8.8.1 _Common Мори В®зкоттох RATIO 
In a differential amplifier the interest is to amplify the differential signal 
— V, and the output should not be proportional to the level of the signals. In 
other words, the common mode gain should ideally be zero. If the same signal 
with the same polarity (V, = V;) is applied to both the inputs then Ac should be 
zero. From eq. (8.24) we see that Ag = -—Ro/2Rg and will depend upon the value 
of Rg. It has to be remembered that in eq. (8.24) we have already assumed that 
the devices are identical and draw identical currents and that the resistances are 
equal. This may not be possible in practice, Similarly [ig cannot be made ideally 
infinite to obtain A, = 0 even if the other conditions are met. All attempts are 
however made to have an amplifier with a minimum Ag, A figure of merit of the 
performance, of a differential amplifier is defined as the common mode rejection 
ratio (CM RR) to be 
Aq 
A, 


Evidently the CMRR should be as high as possible. From eq. (8.22) and 
(8.24) 


(8.29) 


CMRR — 


с 


R 
CMRR = a = gn Rg (8.30) 


. Example 8.3.2 


Calculate the value of CMRR for the differential Amplifier of 
example 8.3.1. 
The common mode gain A, = — 0.417 
The differential gain A, = 100 


100 


Therefore, CMRR = T = 0217 


= 240 


Alternatively, CMRR = gm Rg | 
= 40 x 107? x 6 x 10% = 240 = 47.6 dB 
The output V, can be written in terms of the differential gain A, and the 


CMRR as 
i 


ү 
SAY. 5 
Vo = Аз Al TD E Tuus 7] | (8.31) 
From ед. (8.31) it is seen that, if V, = Ag V, is the desired output of the amplifier, 
then CMRR should ideally be infinite, or as large as possible. To obtain a large 
value of CMRR we must have Ag very large in eq. (8.30). [t is not possible to 
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connect physically a very large resistance in the emitter of Fig. 8,7 for a given Vgg 
and Ig... Jp 

An effect of large resistance can be produced electrically by connecting a 
constant current source at the emitter. We know that a constant current source 
has a very high internalimpedance. This constant current source draws the current 
of 21. or (Ig;-.-Ig) and is connected as shown in Fig. $.10(a). A constant current 
source is shown in Fig. 8.10(b). Disregarding the diode D, for a moment, the 


“VEE 


(a) Differential amp with current 
source / (b) Constant current source 


(c)! Actual. circuit of the. amplifier . 


Fig. 8.10 Differential amplifier circuit. 


Zener diode.and Ra combination wiil, give a flxed voltage V at the base and hence 
(Va-Vgg) at the emitter of the transistor. The current Ig will, therefore, be fixed 
for a. given R, since, the voltage across it is fixed, Now ‚һе current 1 will be 
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* constant because Ip is constant. The diode D,isconnected in order to compensate 
for the temperature variations of- the base-emitter diode of the transistor 7,. 
When 7; is a silicon transistor then the diode D, also is a silicon diode. 
ү The point X in Fig. 8.10(b) can assume any voltage depending upon the value 
of В as long as the transistor does not get saturated, The main point to note is 
that the current J through R will remain reasonably constant. The effective out- 
put impedance of this circuit at the point X, therefore, is very high. The cons- 
tant current source is connected into the differential amplifier in Fig. 8.10 (c). The 
current 27,2 V,/R,. High CMRR values сап be obtained by the circuit of Fig. 
8.10(c) provided other assumptions about the circuit are valid. CMRR of 60-80 
dB is quite cominon and values of 100 dB or higher are achievable. 


Example. 8.3.3 


A difference amplifier has a CMRR = 40 db and Ag = 100. If the. two 
input signals are V, = 400 mV and V, = 350mV, Calculate the output voltage Vo. 
The differential Signal V; = V; — Va = 400 — 350 = 50mV 


The common mode signal, V, = 3 (Vi + V3) 
= $ (400 + 350) = 375 mV 


The output voltage Vo 
EUM 
= Ag. Và [: + CMRR ` 77] 
a 
375 


= 100 X 50 mV [i = = 
A +5 T 


= 5 [1 + 0.075] Volts 

== 5.375 Volts, 
Sometimes in simple constant current sources the Zener diode is replaced by a 
resistance. 


7.8.8.5) INPUT lwPEDANCE 
The input impedance of a differential amplifier can be calculated from Fig. 
8.8. 1f the constant current source of Fig. 8.10 (c) is used then the emitters are 
floating and the input impedance can be obtained from Fig. 8.11. simply. The 
circuit in Fig. 8.11 (a) can be simplified to: the one shown in (b) The current 
coming in at node E is gm (V; —Vg) and going out at node 3is g, (7, — Ух). Hence 
е nodes have been seperated though the currents are the same. Similarly the node 
4 and E havealso been seperated. The current g,, Vz going out from the node E will 
be the same if instead a resistance т, іѕ connected to ground from the node E. 
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(а) Equivalent circult 


Rc 


(b) Dependent current generator replaced 
by equivalent resistances. 


Fig. 8.11 Calculation of input impedance 


Therefore, the two dependent current sources of gm Vz have been replaced by r, at 
the nodes. The input impedance is V, //,. Now from Fig. 8.11 (b), the current /, is 


у 2 (832) 
к= гу i ( 
r Vi 
where Ven Vi 3 - As 
v, | 
hence ГЫ Ry, ~ 2 R, (8.33) 


98 
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In order to obtain large input resistance the transistor R, has to be large. 
‘A large R, can be obtained by many techniques but we shall briefly describe three 
important methods here 


(i) Use of Super Beta transistors 

In IC circuits it has been possible to fabricate super gain transistors at very 
low collector currents. For example 6 of about-5000 at I, of 1 WA has been 
obtained. Thus R= 28 г, of more than 100 M Q is possible. Super gain 
transistors also give rise to very large gains in the differential amplifiers. 
(i) Use of Darlington Pair amplifier | 

A CC-CC pair amplifier is shown in Fig. 8.12. This pair is also known 
as Darlington (pair) amplifier. If the resistance R,is not connected then Гоз *^ flo, 
and Ig, = fi ba Г. Thus the input resistance is very large because J, pj iS very 
small for a given Zœ, The Darlington pair amplifier has unity gain, large input 
resistance and very small output resistance. . The resistance R, is connected to leak 


Input 


Fig. 8.12 Darlington Pair 


off some of the excessive Zp, from the transistor 7, Darlington pairs are used 
in place of the transistors 7, and 7, in Fig. 8.7. 


(i) Use of FET/M OSFET буй 


The differential amplifier may use-FET as the active device and obtain large 
input impedance. ee 

Normally the differential amplifier forms’ the input of the op-amp. The 
two inputs (1) and (2) of Fig. 8.7, therefore are the inverting and non-inverting 
leads of the op-amp. Input (4) is the non-inverting lead—eq. (8.17), and the 
input (2) is the inverting lead—eq.(8.21) of the amplifier. 


8.4 Output Circuit of Op-amp 
Since the op-amps are d.c. coupled and are used to amplify signals even at 


very low frequencies including d.c., it is required that the Vous = 0 (d.c) when 
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Vin== 0. The output impedance of the op-amp should be small. Sometimes it 
is also desired that this impedance is low both in 'source' and 'sinking' current 
flow directions. The above requirements can be met by many circuits and there- 
fore there are as many designs of the output circuit. There are, however, three 
broad classes of circuits and we shall briefly describe their functions. 


(i) Emitter follower connection 


Emitter follower is known to have a high input impedance, low output impe- 
dance and a large current gain. For linear IC op-amps where the power required 
is small, the emitter follower is used to advantage. The circuit of an emitter fol- 
lower is shown in Fig. 8.13 (a). The resistance Rg may be replaced by a constant 
current load as shown in Fig. 8.13(b). The transistor 7, forms the constant current 
source as described in Fig, 8.10. 


Vee 
tVe с 


Vout 


-VEE 


-VEE 


(b) RE repiaced by constant 


fa) Emitter follower current source 


Fig. 8.13 Emitter follower output circuit 


(ii) Totem Pole Connection 


A toten pole output circuit is shown in Fig.8.14, Since the transistor Т, sits 
over the top of transistor Т, it is called a totem pole configuration. The transistor 
Ts is the phase splitter. The signals at the collectcr and the emitter of Тз are equal 
and in opposite phase. The bases of 7, and T, are thus driven in opposite phase. 
As base of T', swings positive,7, acts as a‘source’ of current flow'and supplies current 
to Лу. Т, is nearly cut off. Similarly when the signal swings negative, Тү gets 

` almost cut-off and T, ‘sinks’ current from Rz. For a large positive swing 7; will 
saturate and 7’, will be cat off leaving V,, Voc. On the other hand, for a large 
negative swing 7’, will saturate and Т, will cut off leaving У „= Ув: Thus the 
maximum. swing possible at the output is from Vog to —V gg. ‘Finally it must be 
remembered that negative feedback is applied acrcss the output stage of this type 
of connection to stabilise the operation. ^. ' 1091 


МЕЕ ТЕЕ. 


Fig. 8.44 Totem Pole output stage 


(tii) Complementary output stage 

A complementary output circuit is shown in Fig. 8.15. Т, and 7, are com- 
plementary npn and pnp transistors. Since 7, and 7, are complementary it is now 
not necessary to use a phase splitter. The transistor 7з drives the stages 7, and 7, 
by feeding the same signal to both the bases. The diodes D, and D; provide a 


Neg S 


Vout 


Vin 


Fig. 8.15 Complementary output stage 


biasing so that 7, and T, conduct in the quiescent conditions. As before tho 7; 
‘sources’ and 7, ‘sinks’ the current. Feedback for stability may or may not be 
used in these circuits. The complementary output stage described here is also 
used extensively in audio power amplifiers where the loudspeaker is connecled in 
place of Ду. Depending upon the ratings of Т, and T; tens of watts of power is 
obtained from this circuit. X 

In actual IC op-amps variations “ these basic circuits may be used.. While 
integrating the circuit in a small chip it. is found easier to deposit a transistor 
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than a large resistance and large capacitance. Biasing, constant current sources 
etc. therefore, look different in an IC ampliüer though basically the functions 
remain the same. : 

In the circuit of Fig. 8.15, there is no current limiting resistance in the emitter 
of T. A short circuit protection or eifect of current limitation is achieved by a 
niodification of the circuit of Fig. 8.15 to one as shown in Fig. 8.16. ; 


Vee 


Fig. 8.16 Short circuit protection 


1f thé output starts drawing 'excessive current, then the voltage across Hg, 
inereases. When the-voltage exceeds 0.65 V or so, the transistor T4 starts conducting 
drawing a current Гоа. The drive current I, gets divided into Ip, and Ig, and hence 
the Ig, is limited. The action of Ts and Арз are similar. 


8.5 Actual Op-Amps 
We have so far discussed an ideal op-amp and some of the input and. output 
* circuits which are used to realise the op-amp. It is obvious that ло practical cir- 
cuit can be ideal and there will be some important deviations from the ideal and 
also notable imperfections in the op-amps available. Detailed specifications of a 
commercially available simple op-amp are given in Table 84 


Table 8.1 Specifications of pA 741 Ор-атр. Absolute maximum | ratings over 
operating free air temperature range } 


» 
1. Voc Supply voltage 418 
2. Vag Supply voltage —18V 
3. Differential input voltage i 3 30/ | 
4, Input voltage (either input), . — ' i - 15 И 
5, Voltage between either off-set null terminal (N, or Ny) and-Vgg + 0.5 И 
6. Duration of output short circuit Unlimited 
7. Temperature range (free air) 0— 70°C 
8. Continuous total power dissipation at.25"C 500mW 
-- LLL — 
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B. Electrical characteristics at. 25°C 


= + 15V 
Ven = — 15V 
Min Typical Max 
1. Vio Input offset vollage ` 1 6 mV 
2. Io Input offset current 20 200 nA 
9. Ij, Input bias current | 80 500 nA 
4. V, Input voltage range 442V 11807 
5. Ayp Large-Signal differential ` 
voltage amplification 20,000 200,000 
(R, 2 2KQ) TM 
6. R, Input resistance 0.3 2 M 
7. Ro Output resistance i 75 Q 
8. с, Input capacitance | 1.4 pf 
9. CMRR Common Mode Rejection 
Ratio . E 70 90 dB 
40. АЎ ` 
i Supply voltage Sensitivity 30 150 150 uV/V 
AVoc Av 
11... Tog Short circuit output current +25 +40 mA 
12. Тос Supply current 47 628 mA 
13. Pp, Power dissipation 50. 80 mW 
14. 1, rise time (R; = 2KQ 
C, = 100 pf) 0.3. psec 
45. Overshoot 5 percent 
16. Slew rate at unity gain | 0.5 V/us 
"i = 2KO j Ў 
= 10) pf) 


Two additional datà are given in the form of a graph. They are CMRR vs. 
frequency and Ayp vs. frequency. Above about 100 Hz, the CMRR falls at the rate | 
of about 20 dB/decade change of frequency. Thus, Starting with a value of 75 dB 
at say 1 KHz, it goes down to 55 db at 10 KHz and becomes 18dB approximately 
at 1 MHz. 

The open loop large signal differential gain also decreases at the rate of 6 
dB/octave or 20 dB/decade as shown in Fig. 8.17. App= 4 at 1 MHz forp A741 
op-amp.: This particular op-amp is also internally conipensated, that is, if a large 
amount of negative feedback is given, the op-amp will not oscillate. Many 
op-amps do require external compensation and let us see why is itso. 
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Gain (dB) 


обок ^к юк 100k М 
Frequency ( Hz) ) 


Fig. 8.17 Gain versus Frequency 


8.5.1 COMPENSATION IN ОР-Амрѕ i 

The open loop gain versus frequency response oí a typical uncompensated op- 
amp is shown in Fig. 8.18. The phase response is also drawn onthe same graph. 
The first break point is at 200 KHz where the gain starts falling at the rate of 6 
dB/octave (20 dB/decade). At 2 MHz the slope or roll-off becomes 12 dB/octave 
(40 dB/decade) and at 20 MHz it is 18 dB per octave. The ‘phase changes at 0.2, 
2 and 20 MHz are — 45°,135° — and — 225° respectively. 

[n.a negative feedback connection; there is already an inversion from the 
input to the output at the low frequencies and the phase change is 1807. Ав the 
frequency increases the op-amp produces an extra phase shift. which only has been 
shown in Fig. 8.18. Thus at the frequency of, say, fo the additional phase shift of 
the op-amp itself їз — 180°.) The feedback signal will become in phase with the 
input at f; ànd' an effective positive feedback will be produced. 1f the gain of the 
amplifier is more than unity at fc the circuit will oscillate and become unstable. For 
the feedback amplifier to be stable it. is essential that the loop gain is less than unity 
when the total phase change in the circuitis 0° o: 860°. Loop gain is delined as the 
ratio of the open-loop gain to the closed-loop gain. | 

In the Fig. 8.18, the phase change of 180° occurs at fo == 6 MHz when the 

' open-loop gain is about 20 dB. As a general rule the op-amp will oscillate if the 

chosen closed-loop gain is equal to or less than the open-loop gain at the 180" 
phase shift point, In the example above, therefore, the op-amp circuit will be 
unstable if a closed loop gain of 20 dB or less is. used. If the closed loop gain is 
chosen to be more than 20 dB the circuit will remain stable. A frequency plot of 
the type shown in Fig. 8.18 indicates the maximum amount of feedback that can 
be used in the op-amp. The amplifier gain with feed-back is selected to be larger 
than the open-loop gain at 180° phase shift point, ; à 


| 
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It has been shown that if the rate of fall or roll-off of the gain characteristics 
is limited to 6 db/octave over the whole frequency range upto the 180° phase shift 
point, then the amplifier will be stable for any feedback gain. 'A compensated open- 
loop gain characteristic is shown dotted in Fig 8.18. It has been assumed that the 
phase changes by 180° at 6 MHz as before. 


2x104 2x105 2x106 2x10? 


+60 open loop gain -1-0 
NA 45° 
50 open loop “м % р 
gain ( compensated ) gles 
_ +20 6-d8/ octine a -90 $ 
a c 
2 LI 
MR d 
E „2 
“26 | -180° £ 
-40 -225° 
-60 -270* 


103 104 .. 105 108 {107 108 
Frequency (Hz) 


Fig. 8.18 Open loop gain and phase response with frequency of an operational amplifier. 


Actually the basic requirement of the frequency compensating network is 
to keep the roll-off of the loop gain from exceeding 12 dB/octave when the loop 
gain is near or approaches unity. The gain and phase versus frequency behaviour 
will he subject to the variations due to temperature drift or individual variations 
from unit to unit. A certain amount of margin in both phase and gain is selected 
while designing the compensating network to ensure thatthe circuit will not oscillate 
in the worst case. A phase margin of 30" to 45° and a gain margin of 10 dB is quite 
common. | It will, thus, mean that fc is chosen to be a frequency where the phase 
change is — 135? instead of —180°. This will give a phase margin of 45°. 


A discussion of the compensating technique used to obtain a roll-off of 6 
dB/octave throughout the frequency band of interest is beyond the scope of this 
book. Manufacturers normally specify the external compensation to be used if the 
op-amp is not. internally compensated. 


Example 8.5.1 


An op-amp hos an open loop gain of 10* and a unity gain-bandwidth of 1 
MIIz. . To prevent oscillation, the amplifier is internally compensated so as to give 
a roll-off of 20dB/decade. If the amplifier is to have a bandwidth of 20 KHz, 
what is the available gain? What would be the bandwidth of the amplifier 
if a gain of 40 dB is required ? 
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"The gain versus frequency characteristic of the Cothpensated op-amp would 
be like that in Fig: 8.17. The gain falls at 20 dB/decade. 

At frequency fp = 1 MHz, the gain is 1 i.e., 0 dB. With a roll-off of 20 
dB/decade, the gain at 100 KHz woud be 20dB and at 10 KHz it would be 40 
dB. 20 dB decade is equivalent to б dB/octave and therefore the gain at 20 KHz 
would be 40—6 == 34 dB. | 

With 40 dB gain, the bandwidth would be 10 KHz. 


8.5.2. ExrEOT or Stray CAPACITANCE 


Two sets of stray capacitances shown in Fig. 8.19(a) effect the behaviour of 
the op-amp. One is the load capacitance C, formed by wiring capacitances and 
input capacitance of the load circuit ete. The roll-off shown in Fig. 8.18 is effected 
by the presence of Cz. The other capacitance is Cg, the stray capacitance at the 
inverting input. The effect of this C's is compensated by a lead capacitor С, con- 
nected across R, as shown in Fig. 8.19 (b). The value of Сг isso adjusted that 


* Vout 


(a) Stray capacitances Сү and Cs 


(b) Lead ‘compensation ^" ^ j 9 М 


Fig. 8.19 Compensation of stray Capacitances, 
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RyiCg2= ВС or Cy == (R3/ R4): Cg Normally a Cs larger than the value indicated 
above can also be used but. the amplifier bandwidth will become less in such 
a case. 


8.5.3 OTHER PARAMETERS OF THE Ор-Амрв 
Before we go into the applications of the op-amps we shall mention some of 
their other important parameters. 


(i) fnput Bias Current 
The average of the input base currents Jp, and 75, of the op-amp is called the 
Input Bias Current /gr4s. Thus. uds 


ТЕ Ip; 
rds SURFER 3 A (8.34) 
üi) Input Offset Current 

The difference of the input base currents 75, and Ig, of an ор-ашр is called 
the Input Olfset Current Jos. Thus 


Ios= Isı Ip (8.35) 


(üi) Input Offset Voltage 

It is expected, and required as well, that with no input signal, the d.c. voltage 
at the output is zero. Due to unbalance in the circuit, particularly because of the 
unequal currents drawn by the input transistors of the first. differential amplifier, 
the Vo will not ordinarily be zero. Input offset voltage is, therefore, the voltage 
that must be applied between the input terminals to obtain Vo= 0 


(iv) Transition time 

For a small signal case, the transition time is defined as the time taken for the 
output to rise from 1096 to 9096 of its final value. If the op-amp is driven 
between its positive and negative saturation limits then the worst or the largest 
value of the transition time will be obtained. The transition or rise time 4, is 
shown in Fig. 8.20 (a). 


(v) , Slew rate 


When the op-amp is driven by a large amplitude signal of astep or a 
pulse type, the quantity of interest is the rate of change ofthe output with time 
called the Slew rate. Slew rate is an important parameter to know when a square 
wave signal is connected to the input of the op-amp. Slew rate i: defined as the 
internally limited rate of change of the output voltage AV/At when a large 
amplitude step function is applied to its input as shown in Fig. 8.20 (b). Slew 
rate is specified in terms of V/usec. Fast amplifiers have slew rates of the order of 
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1500 V/usec whereas amplifiers meant for low frequency work may have slew 
rates of 0.1 V/nsec; To conclude, therefore, we can say that slew rate tells us how 
fast the amplifier output can change from one voltage level to another. 


-V г Input 


output 


90% M 


(a) Transtion or ríse time (b) Stew rate 
Fig. 8.20 Definition of rise time and Slew rate. 


(vi) Frequency response 


The frequency response of-an op-amp has been described in Fig. 8.17. Two 
important. parameters are the frequency at which the voltage amplification reduces 
by 3db and the frequency at which the voltage amplification is unity or 0 dB. 
There is a third frequency parameter called the maximum frequency of full output 
swing. This is the frequency where we expect the response to be limited by the slew 
rate. It is defined as 


Slew rate б 
REST fats ES. .36 
fo (maz 2m (peak to peak saturation voltage) sub 


Manufacturers supply these typical data for their op-amps. Thus for the 
uA 744 the figuresfor all the above parameters are given in Table 8.1. We shall 
now take up some of the applications of the op-amps. 


8.6 Applications of the operational Amplifiers 

Advanced techniques of monolithic integrated circuits have made it possible 
to realise amplifiers which are very close to the ideal amplifier. The low cost and 
high quality of these amplifiers makes possible easy implementation of equipment 
and systems which were not possible with the discrete circuit amplifiers. Other 
than linear circuits, the op-amps have also been used in nonlinear circuits like wave 
shaping, multivibrators, and trigger circuits etc, Circuit application notes are 
supplied by the manufacturers or compiled by others in book form to help the 
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users design. circuits conveniently. In this section we shall briefly describe some 
of the common usage and applications of op-amps. The list by its nature cannot 
be exhaustive and is simply illustrative. We shall take up both linear and nonli- 
near applications. Active filters using op-amps are also described. 


8.0.1. LINEAR Спвооіт APPLICATIONS 


Linear circuit here will mean that the op-amp is not driven to either of its 
saturation limits. Summing, differencing, integration, differentiation, multipli- 
cation by a constant, voltage follower, buffer, level shifting, voltage-to-current and 
current-to-voltage conversions are some of the important linear applications. 
It is used in precision measuring and reference circuits and has very wide ranging 
` applications in all bridge amplifiers and other instrumentation amplifiers and 
circuits. 

The differential and the summing amplifiers have already been described in 


sections 8.2.3 and 8.2.4. 
(a) Integrator | i 

. Fig. 8.24 (a) shows an integrator using an op-amp. A capacitance C is 
connected across the output and inverting terminals. The equivalent circuit is 


(b). Equivalent circuit 
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Ro 


(c) Modified integrator 


Ry c 


Vo 


(d) Summer integrator 


Fig. 8.21 Integrator Circuits 


shown in Fig. 8.21 (b). _ Analysing the circuit by assuming an ideal amplifier with 
А = % we have j 


IO Am CER 


hl. Н ae 
hence 
MES л! | (8.37) 
Y, б) sCR, i 


This is an integrator. 


Taking the inverse Laplace Transform 
T 


Volt) = — е f V, dt. + Constant (8.38) 
1M. 
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Depending on the initial conditions the constant can conveniently be assumed to 

be zero. Thus, in time domain also the output is the integrated version of the 

input signal. The factor 1/R,C is called the integrator gain constant and has the 

dimension of frequency. It is inverse of the time constant R,C. In the fre- 

quency domain description the breakpoint of this single pole circuit is at the zero · 
frequency. In other words the gain will be highest at very low frequencies and 

thus any drift or instability in the amplifier will be magnified: ‘The circuit therefore 

may not be very stable unless special care and precautions are takeh to reduce 

the very low frequency stabilisation and drift, problems. 


Example 8.6.1 


An integrator has the resistance R, = 100KQ and the capacitor С == 0.1 
microfared. Obtain the transfer function of the integrator. Find the output 
Vo(i) if the input is V,(f) = 10 cos, 27 x 10%. 

The time constant R, x € — 100 x 109 x 0.1 x 1075 
= 105 x 10-7 = 10"? sec. 


The transfer is given.as 


Vols) _ 1 [io 100 
у а Оа е 


The output voltage Vo (t) is 
1 т 
Vo= — AC ! V, (t). dt + m 
T 5 
= 10 f 10 cos wt. dt assuming constant = 0 
eu 


sin ot 
o 


= —10? x 10 


“ДЮ 
= —— sin at 
o 


m POT ot 
or Vo (t) = — 0.159 sin œt 


If it is not absolutely essential to integrate at very low trequencies, the circuit 


ог Fig, 8.21 (a) can be modified to that of Fig. 8.21 (c). Inclusion of R, across 
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C stabilises the amplifier hence its tendency to destabilise or drift is reduced con- 
siderably. An analysis similar to the one in Fig. 8.21 (b) shows that 


ү, (5) 1 | 
“a, t Ye [ RCR, +1) ] =" 
Hence 2 io | | ] 
o (8 (hy 
Wa m [ FOU ] | (839) 


CR, 


Compering eq. (8.39) with (8.37) we see that the pole at the origin or d.c. is shifted 


1 
to a frequency TR As a rule of thumb, this integrator will perform well at 
2 í 


1 
input frequencies about 10 times larger than 2ТЕН. CR, 


Example 8.6.2 


A practical integrator is given in Fig. E 8.6.1 (a). Calculate the breakpoint and 
find the output for a square wave input of 5V peak-to-peak with 1 toi repeti- 
tion frequency. What should he the value of 24 ? 


The breakpoint is calculated as 


1 1 


oCh атов Olle 77 0f 


The frequency response of this integrator is shown in Fig. E8.61(b). The 
ideal integrator of Fig. 8.21 (a) has a break point at d.c. ands shown dotted in this , 
figure. Thus, this integrator will integrate at frequencies upto 20 Hz. 


For the square wave input, the time period 7 is 1 m sec. [tis assumed that 
the input changes abruptly to 5V and remains so for 7/2 sec.. At sufficiently higher 
frequencies, higher than 1.6 Hz, the eq. (8.39) can be approximated as 


Vo o d 
ve ^ CURRO чн dan i 
Bove 
hence Vo (t) = — po V, (t). dt + corist 
à 0° i 
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Rp =100 kn 


output 


(b) 


Fig. E 8.6.i 
For the values given, therefore ` 
; : тга 
Vo(T/2) = — hts C КОА f 5 dt 
g ООо RAGNE AEE 
== — 500 (7:2) | 
= —0.25 Volts. 


The output will rise linearly by 0,25 V in d msec and in the next j msec it 
willdecrease by 0.25 V. Hence the output will be an integrated version of the input 
.signal. a 

For minimum error in the input bias current, it is good to make Rs equal to 
the parallel combination of R, and R4. Thus R; = 9.1 KQ. 
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The circuit in Fig, 8.21 (d) is a summing integrator. The output can be easily 
calculated as 


t 
1 1 1 

Pee | ee Bu uc E y, ] dt + Y) 

i ) 
t 

; БЕД, V, V, , Vs 
or Vo = -5 f ( E n ) dt + Vo(0) (8.40) 

[^] 


where V,(0) is the initial voltage on the capacitance at ; = 0. While designing and 
operating this circuit, care should be taken to see that the output does not exceed 
the ratings. 

(b) Differentiator 


The differentiator circuit is shown in Fig. 8.22(a) 


Ro 
с 
Vo 
i 
M 
P^ 3 
(a) Ideal circuit 
Ry 
R с 
: Vo 
M 
R3 
= 


(b) Practical circuit 
Fig. 8.22 Differentiator 
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The analysis of the circuit gives 
Vi(s) _ Vo(9 


4/sC R, 
Vo (8) 
or = —:С, R 8.41) 
Vi (5) i ( 
and Volt) = — В,С. 2E (8.42) 


Thus the input signal is differentiated at the output, This circuit suffers from a 
major drawback of accentuating or amplifying high frequency noise signals, · A 
practical differentitor is shown in Fig. 8.22 (b). Here 


ases anl Bp 
F34- at Ry 
sC 
Rewriting 
ap Ry qe 
Qu бекен г GER 4 
а во 
R,C 


From eq. (8.43) it is seen that in addition to the zero at the origin, a pole at 1/2,C 
levels off the response at frequencies higher than this. The frequency response is 
shown іп Fig. 8.23(a). The frequency 1/27 R,C is normally kept much higher 
(about 10 times) than the frequency of the signal to be differentiated. 

Under this approximation the eq. (8.43) simplifies to eq. (8.42). The pole at 
i/R,C stabilises the circuit and reduces the noise etc. The time constant is as 


before RAC. 


Example 8.6.3 

A practical differentiator is shown in Fig. 8.23 (b). Find the value of Л, 
to give an effective differentiation upto 10 KHz. Sketch the response for a 
triangular input shown. The frequency is 1000 Hz. 

If an effective differentiation is required at 10 KHz, then the break point at 
4/27 R,C should be at least 100 KHz. Therefore 

К гы eor ld ee 
2T RH, x 0.01 x 105 


ог R,= 160 ohms 
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(a) Frequency response 


(b) Actual circult 
Fig. 8.23 Differentiator circuit. 


The input signal is a triangular signal of 1V peak-to-peak and frequency 1 KHz. 
From eq. (8.42). | 


Volt) = —10 x 10° x .01 x 1078. H 
dV. 
or Vo(t)= —t 10-4. L 


Now the input signal rises by 1 volt in 7/2 (— 4 m.sec) Hence 
dV, 1 


d EE NE er 0° 
dt üsce А: 
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Thus Vo [724 = 4 x 1075 2 x 10% = —0.2 Volts 
The response is sketched in Fig. 8.23 (b) 


(c) Voltage Followers and Buffers 


An op-amp having unity gain, very high input impedance and large band- 
width is known as a voltage follower. Any op-amp can be connected in a voltage- 
follower configuration but special chips working only as voltage followers are 
also available. These IC amplifiers have been optimised to perform the function 
of voltage follower well. “As was mentioned in section 8.2.1 and eq. (8.2) that 
if either R, = 0 or R, = co the gain of the non-inverting amplifier is unity. Some 
of the common voltage followers are LM 102 and LM 110 or their equivalents. For 
example the input bias current in LM 110 is 10 nA with a slew rate of 40 V/ysec. 
and a bandwidth of 20 MHz. The input resistance of LM 110 = 10? ohms, 
and output resistance = 0.75 ohm. Voltage followers having bandwidths of 200 
MHz and, more have been marketed. 


Voltage follower is also an excellent buffer amplifier since its input impe- 
dance is very large and it practically does not load the circuit. The output impe- 
dance of a voltage follower is extremely small and therefore it does not get loaded 
by other circuits. However, if the load is highly ¢apacitive then the designer has 
to be careful while connecting a voltage follower because it tends to oscillate. 


* (d) Instrumentation Amplifiers 


Measurement of low level signals being generated by transducers, which have 
normally high output resistance and are located away from the amplifier circuits, 
cannot be performed by single input—single output op-amps. It is essential to use 
differential amplifiers with high CMRR, adequate gain and input impedance. 
Instrumentation amplifiers carefully designed, wired and used can perform these 
measurement functions adequately. A typical differential instrumentation ampli- 
fier with voltage followers in the input circuit is shown in Fig. 8.24. The output of 
the voltage followers LM 102 are fed to LM107 which is the operational amplifier 
giving the gain. 

The differential amplifier is often used to amplify the output of a bridge cir- 
cuit. Thus the amplifier of Fig. 8.24 could be connected across a bridge circuit as 
shown in Fig. 8.25. The unbalanced signal across the detector arm of the 
bridge is conneted to the differential amplifier. The Wheatstone bridge is 
balanced when 


В, В, = Ry. В, (8.44) 


or —- mm ee 
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1kn 100 кя 


Fig. 8.24 Instrumentation Amplifier 


Vin 
| | oit. Amp. 
of 
Fig, 8.24 


Vos Ag (V 7 V2) 


Fig. 8.25 Bridge Amplifier 


Now, if any of the branches, say R, changes due to a change in the parameter being 
measured then the bridge will become unbalanced . Such bridges are used in the 
measurement of temperature, pressure, strain etc. Since the change in the para- 
meter (say temperature) is actually measured by an equivalent change in the resis- 
tance R,, the bridge, therefore, measures the ( AR,/R,) accurately. 


If we assume, in the circuit of Fig. 8.25, that R, = R, = R, = Ry = R then 


y Vo R +А B) 
17 OR FAR 


I 
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hence Vo = Ag (Vy — Vj) 


AR/R 
= usnm cited 45 
or Vo Ag Vy “WEIMAR (8.45) 
10 is assumed that AR/R << 1 and eq. (8.45) becomes 
Vo — — Age а (ARIR) (8.46) 


It is seen that the output is directly proportional to the change A R. 


(c) ` Photodiode Amplifiers 
A photodiode amplifier is a good example of current to voltage conversion. 
. А simple circuit of a photodiode amplifier is shown in Fig. 8.26. The output 


в) 


Fig. 8.26 Photodiode amplifier 


Vo = R, Toyz where T,„; is the current flowing in photodiode when light shines on 
it, Suitable value of A, is selected to get an adequate Vo for known Tout- 


(0 A. C. Amplifier 
The examples of amplifiers discussed so far were d.c. coupled. Whenever 
there is a net d.c. in the signal the d.c. has to be blocked. Two connections of a.c. 
amplifiers are shown in Fig. 8.27 (a) and (b). The response of the amplifier in Fig. 
8.27 (a) can be written as 


Vo 10 +з 5.0 
: Ty 


sC, 


(8.47) 


or 
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#2 


1 ё 


(a) Inverting gain 


(b). Non-inverting. gain 
Fig. 8.27 А. C. amplifier 


Eq. (8.47) shows a ‘26го’ at the d.c. and a *pole' at 1/R,C,. At frequencies much 
higher than 1/27 R, C, Hz, say 10 times higher, eq. (8.47) can be approximated as 
V,/V, = — R,/R,. Thus, for example, if we have А; = 10 KQ, R, = 100 KQ, 
and C, = 0.1pf, then 4/27 В, С, = 160 Hz. This gives the lower 3db  break- 
point at about 160 Hz. 


Similarly the lower 3db breakpoint in the case of the non-inverting con- 
figuration of Fig. 8.27 (b) is 1/27 (Rg-I-Hs) C, where R, is the source resistance 
of V,. Above this frequency the gain will be (1 + R,/R,) as before. 


8.6.2 NON-LINEAR CrROUIT APPLICATIONS 


Like the linear circuits, the op-amps have large number of applications in 
nonlinear circuits also. But unlike the linear circuits, the analysis of the non-linear 


288 . BASIC ELECTRONICS 


circuits is more complicated and beyond the scope of this book. We shall, there- 
fore, describe some of the common circuits without much comment. 


(a) Precision rectifier 


A precision rectifier is shown in Fig. 8.28. ‘The circuit suffers from many 
drawbacks and is modified considerably to remove some of them. 


Fig. 8.28 Precision Rectifier 


(b) Sample and Hold Circuits 


The analogue signalis first sampled and the sampled valueis heldin a capacitor 
till the next sample arrives. Sample and Hold amplifiers are used extensively in 
Analogue-to-Digital, Digital-to-A nalogue converters, data multiplexing, and 
pulse stretching circuits etc. A sample and hold circuit is shown in Fig. 8.29. 
The FET T, is normally kept at cut-off and only when the positive going sample 
pulse arrives does it conduct. Vj, charges Cin the sampling interval. Опсе the 
T, is cut-off, the capacitor C cannot discharge except through the input impedance 
of the voltage follower which is very large. Use of MOSFETs of high input impe- 
dance reduces the problem of the capacitor discharging during the hold period. 


(c). Astable Multivibrator 


Astable multivibrator denotes a circuit which oscillates between two states 
on Из own, at rales governed ћу ће RC combination in the ‘circuit. It is a free 
running circuit and produces a square wave signal at the output. A free runing of 
astable multivibrator is shown in Fig. 8.30. 


The voltage V, is 


or V= ——— Vo (8.48) 
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Мощ 
Voltage follower 


sampling pulse 


sample and’ hold 
output | 


input 


: samplin 
LURES ЧАН GT АРГ Piles 
t— 


Fig. 8.27 Sample and Hold Circuit 


Fig. 8.30 Astable or Free running Multivibrator 


Assuming that the output of the op-amp saturates at + Vs volts, whenever V, 
becomes equal to or exceeds 4: & Vs the op-amp switches to the otherstate.: The 
voltage across, C, is either charging or discharging exponentially. ‘The frequency 
of the square wave output is restricted. lo about 5 KHz, though forclrequencies 
lower than these the circuit behaves yery well. ТЕ ais chosen as 0:478 then the time 
period of the square wave is 7 = 2 Ry Cy, ө 904 i 
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(d) Sinewave Oscillators 

There are many methods of geueraling sinewave signals using op-amps. 
Fig. 8.31 (a) shows a Wien bridge oscillator. IfR, = А, апі C, = С, then the 
frequency of oscillation is given by d 


LL 
E DW s 8.49 
f 257 В.С; д 


(b) То ор-атр oscillator 


Fig. 8.31 Sinewave oscillators 


The resistance R, is а lamp or'some other non-linear resistance which changes in 
magnitude (incresses) as the signal ‘voltage across it increases. As V, increases 
the A, increases and more negative feedback is given thereby reducing the ampli- 
tude,» In thé circuit of Fig. 8.31 (b), normally, R, = 2R, and Аз = R, and is 
kept adjustable for regeneration. The frequency of oscillation is 
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1 


Эп R, C, 


Example 8.6.4 


For a Wien bridge oscillator, calculate the frequency of oscillation if 
R, = R, = 200 Kohm ard C, = С, == 0.01 microfarads ' 


The frequency of oscillation f is given by 
1 1 


[т SaR C, 2m x 200 109 x 0.01 x 10° н 
10» ` 
=r Hz-=195 Hz 
m 


Example 8.6.5 


Find the component values for the two op-amp oscillator if the frequency of 
the sinewave generated is to be 1000 Hz. 


Let C, = 0.4 x 10°F 


1 1 
Now P Rm CH D EPOR T 
XX LAU" oou LUE 
Qro Ma WT De SAO ar sedg 
= 1.59 Kohm 


Now Ду = 2R, = 1.59 x 2 = 3.18 Kohm 
So А, = 3.18 Kohms 
8.0.3 AorIVE FILTERS 


We shall describe some simple second order low pass, high pass and band- 
pass active filters. Active filters are quite reliable, low cost and lighter than passive 
filters particularly in the audio range of frequencies. At higher frequencies the 
limitation is normally the frequency response of the op-amp. A second order 
filter will have two capacitors in the-frequency determining network and will have 
‘a response which falls at the rate of 12 dB/octave or 40 dB/decade. A noninverting 
lowpass filter is shown in Fig. 8:32 (a). Among the popular active filters К is 
either 4 or 2. Fig. 8.32 (b) shows a low pass filter with A--K —1. The resistances 
are kept equal. For a Butterworth maximally flat filter the values of C, and C, 
are obtained as ; 


1.444 


20 4414 ү 
e ook (8.49) 


CHEESES (8.50) 


Here w, == 27 x fg is the cut-off frequency of the filter. Thus, if it is desired to 
have a cut-off frequency. of 3.4 KHz, then a good choice will be to have R = 33KQ 
and C, = 2000pF and C, = 1000pF, 
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? 
Ry | 


Vin Vo 


(a) General configurat!on | 


| 
| 
(b) Unity gain K*! filter 


(c) Equal 'C' filter with Kz2 


Fig. 8.32 Low pass filter 
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In the second configuration shown in Fig. 8.32 (0), the gain is 2 and the values 
of the resistances are 


0.707 
n abo (8.51) 
1.444 
Бо (8.52) 


In a practical circuit R, can be 10 Комп, For a cut-off frequency of 3.4 KHz, 
if we have C = 2000 pF, then R; =56 Kohm and R, = 112 Kohm from eq. 
(8.57) and (8.52). These circuits have low sensitivities. 

A second order highpass filter is shown in Fig. 8.33. Analysis shows that if the gain 
of the amplifier is unity and C, — C, , then 


107 
B WC 53 
Og l Pe) 
1444 
and, Ry = 2 (8.54) 
С 


where wy is the cut-off frequency of the filter. 


Fig. 8.33 High Pass filter 


Finally a band pass filter is shown in Fig. 8.34. The gain of the amplifier is 
adjusted to be 2, therefore R, == R, Various values can be realised using comb- 
bination of the resistances and capacitances. For example, ў 


i Q=2 
and, if, Cy. Ce = C then. 
0.740: 
аш, (855) 
Oo © e 
"up Ge P oie A BUDE 


ELA 
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Fig. 8.34 Band Pass Filter 


(п) Q —95,;. Cy = бу 16; 


pa „57 
1 Wg С Qu 
2.516 
R, = Wc (8.58) 
с 


where o, is the centre frequency of the Bandpass filter. 


used. 


Active filters using inverting gain and infinite gain amplifiers are also designed 
The reader is referred to a text on Active filters for more details. 


Review Questions 

What are the characteristics of an ideal op-amp ? 

What is the meaning of the terms ‘inverting’ and ‘non-inverting’ inputs of 
an op-amp ? 

Can the summing mode be used for obtaining difference of two signals ? 
What are common mode and differential mode gains in a differential 
amplifier ? 

Define CMRR. How can it he increased ? 

What is equivalent source resistance of a constant current source ? 

What is the function of the Zener diode in the constant-current source ? 
How can the-input impedance of a differential amplifier be increased ? 
What is a totem pole connection ? What is its advantage ? 

What is the essential difference between the complementary output and 
totem-pole output connection ? 

What is the roll-off characteristic of an actual op-amp ? 

Why do you need compensation in ар op-amp ? 

What is lead compensation in an op-amp ? 

What is ‘slew rate’ of an op-amp ? Distinguish between slew rate and 
trarsition time. 


P 84 


P 8.5 
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What will be the output. of a differentiator to a;square wave signal ? 
What are voltage followers ? ay Bal | | 
What is a bridge amplifier and. how does: the circuit. measure physical 
parameters like temperature, pressure eto. ? 

What is a “sample and hold? circuit ? Kas ©} 

How can an op-amp be used as a.c. amplifier? |... aÑ с. 

Can an op-amp be used to generate square waves and sine waves ? 

Can a unity gain amplifier be used-in a lowpass filter ? 


Problems 


A signal'of amplitude 1 volt and internal source resistance of 10 K Q is 
to be amplified to obtain +5 and —5V. Suggest suitable circuits and 
calculate the values of the resistances. 

Two signals V, = 2 sin 1000t and V, = 1.5 sin 1500t are to be added 
using à summer amplifier. The output voltage swing allowable is +15 
volts. Calculate the values of the summing network in an op-amp adder. 
Two signals V, = 5 sin 1000t and V, = 4 cos 2000t volts are to be 
differenced. Suggest a suitable circuit and calculate the values of the 
resistances if the gain is 10, What are the frequency components present 
in the difference signal ? н 

In the differential amplifier shown in Fig. P 8.1, calculate ће Ag and Ay. 
What is the CMRR? Design a suitable constant current source to 
increase the CMRR. Assume Ё = 500. What is the input impedance ? 


Усс= 12 V 


=12V 
Fig. P 8.1 
In an experimental set-up we find that at the input of the amplifier 


V, = 0,5 sin 314% + 0.02 sin 2000t and V; = 0.5 sin 314t. The 
differential gain of the amplifier is 200 and the CMRR is 60 dB. What 
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Р 8.7 
Р 8.8 
Р 8.9 


P 8.10 
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will be the output signal. Make suitable approximations ( Note : 0.5 
sin 314t is the unwanted 50 Hz pick-up): ' 

A differential amplifier using FET is shown in Fig. P 8.2, calculate suitable 
values of Rp and Rg so that Ipi = Ipi = 0.5 mA. It is given that 
Zm = 1.2 mA/volts. Find the Ag, 4,, CMRR and the input impedance. 
Derive the equations. 


=V,2-18 V 


Fig.P 8.2 


The unity gain-bandwidth product of an op-amp is 1.5 MHz. What 
will the bandwidth if the gain required is + 20dB? The op-amp is 
internally compensated. Suggest a suitable circuit. 

A sine wave signal is connected to a (i) integrator (ii) differentiator. 
What will be the outputs in the.two cases? 

Find the quiescent operating point and the voltages at the base, emitter 
and collector in Fig. P 8.1. 

If a resistance of 10 K Q is connected between the collectors as shown 


dotted in Fig. P 8.1, find the current flowing through it. 


Logic and Digital Circuits 


1 "n 

9.0 Introduction | i 

So far we have ‘discussed linear circuits where the signals have a continuous 
range of values and the electronic circuit is basically used. to amplify these signals. 
Quite a large amount of processing including display of these signals is carried 
out using linear circuits. With the advent of digital computers and laler micro- 
processors the emphasis has shifted, considerably to digital processing, including 
control:and display. In fact the robot revolution is going to change the whole 
concept of the industrial activity and possibly the quality of human life. The 
real signals in the world are analogue and will remain so. The electronic circuils 
interact with them through transducers. The digital circuits, on the other hand, 
interface’ with the linear ciretiits (or Lrausducers) through analogue to digital 
converters. In other words once an eléctrica! bignal is converted into A digital 
format, all further processing is done digitally. j 


Now we would like to know: what are digital cireuils and why, has the 
digital representation become so popular, Contrary to analogue representetion, 
the digital representation is discrete in character and has only a few discrete levels 
of signal. The simplest digital signals are binary signals having two levels. The 

суто levels may be defined arbitrarily to any set of two. values of voltages, but the 
signalis confined to these two values only. Foresxample, it may he just a ‘presence’ 
or an ‘absence’ of voltage that is used as the two level signal. An ‘on’ and ‘off’ 
state of an electronic device like transistor is a very convenient way of setting up 
the binary signals. 

Extending the idea of presence or absence of voltages lo saying thal a certain 
statement is ‘true’ or ‘false’ takes us directly into the realm of logic. A combi- 
nation of ‘true’ or ‘false’ statements when the variable has only two possible values 
had been studied a long lime ago by mathematicians and Boolean algebra was 
defined more than a century back. In fact this has provided the main frame of 
the development of logic circuits, Functions of two variables where each variable 
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has two possible values and hence four possible combinations in all have been 
studied in detail. They heve been used extensively to define complex logic 
statements. We shall study six of the possible sixteen combinations of logic 
statements. They are AND, OR, NOT, NAND, NOR and EX-OR. In fact 
Boolean algebra defines theorems which are used to simplify the logical statements. 
We shall describe here logical functions and circuits which implement these 
logical functions. р 

Once we have come to the realisation of using two state (value) functions 
for expressing logical ideas, the number system suitable for such a situation will 
be the binary number system. We have included here a very brief review of the 
binary number system. All the arithmetic operations can be performed in this 
representation and thus logic circuits in certain combinations will perform the 
arithmetic operations. Finally in the chapter we have described circuits which 
implement the logic circuits. Out of a multitude of techniques and systems we 
have only chosen the TTL (Transistor-Transistor-Logic) and the CMOS 
(Complementary: Metal- oxide-Semiconductor FET) circuits for description here. 
Both these techniques have resulted in large scale integration of circuits on a small 
silicon chip and made the computer revolution possible. 


9.1 Functions of Binary Variables 


We have seen that binary representation or a two state description of logical 
statements is capable of being implemented easily by electronic circuits resulting 
in computing, processing and display of information bearing signals. The binary 
variable has only two states, and a combination of two binary variables gives rise 
to four possiblities. We shall discuss here only the combinational functions where 
the output state is decided by a combination of the two input states. Out of the 
sixteen possible combinations of input and output states we shall only study six 
functions. i 


Although a large number of symbols have been used to represent the status 
of the binary variable, like ‘true’ and ‘false’, ‘on and ‘off’, ‘positive’ and ‘negative’, 
‘high’ and ‘low’ etc. the symbol ‘4’ and ‘0’ has become quite popular. Thus if 
a logical statement X is ‘true’ we say that X has a value equal to ‘1’. Similarly 
if the statement is ‘false’, the variable X is equal to ‘0’. There is no: numerical 
significance to ‘4’ and ‘0’ but there is only a logical significance attached to it. 
Each of the combinations of the input variables will give an output depending 
on the function used. The statement of the input and output is presented in a 
tabular form and is called the truth table. We shall illustrate these ideas with 
specific examples of the functions involved. 

9.1.1 AND Foyorion 

Let us consider first a statement which is made up of two simple logical 
Statements. ““Ңаш is twenty years old AND Ram can vote". ‘The binary 
variable A is assigned to the statement ‘Ram is twenty years old’. The variable 
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B is assigned to the statement ‘Ram can vote’. These two statements are joined" 
together by ‘AND’. Thus А шау he ‘true’ or ‘false’ and similarly B may be 'true' 

or ‘false’, We are interested in a situation when ‘A AND B’ is ‘true’. The 

possibilities are listed below in a tabular form in Table 9.1. 


Table 9.1 
A B A AND В.= С 
eS eee 
True True True 
True False False 
False True False 
False False False 


wig oh AE me E meuxd 


We shall designate the output or the outcome of the combination function ‘A 
AND P’ as С. We see that C is true only if A is true AND B is ‘true’. The 
original statement therefore reads : 

С = А AND B (9.1.1) 
Symbolically the AND function has been represented by symbols like ‘.’, “Жз 
‘M’ etc, We shall use the dot symbol for the AND functions. Thus eq. 9.4.4 
will be written as ? 

C = А.В = AB 6 (9.1.2) 
We should remember thal eq. 9.1.2 is only a symbolic language and no multiplica- 
tion isintended. Аз we mentioned earlier, it is convenient to write 1 and 0 instead 
of true and false. Thus, the truth table for AND function is written down as 


in Teble 9.2. ; 
Table 9.2 Truth Table for AND Function 


A B C = A.B 
1 1 1 
1 0 0 

1 0 

0 [U 


0 
cM iy teen igh ling c ex шу c D T е 
We have been emphasising so far only the logical significance of these 
statements but we should not lose sight of the fact that electronic circuits have 
implemented circuits which follow these functions. ‘These circuits are called logic 
circuits. The AND function is implemented by an AND circuit or AND gate. 
‘The symbol used to represent this logical AND gate is shown in Fig. 9.1. 


А —9 С = А.В 
в Я 


Fig. 9.1 AND Gate 
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Itis not necessary that there. be only two inputs to the gate in Fig. 9.1. 
There can he 3 or 4 or n number of inputs wilh one output subject to the condition 
that the outputis 4 when every. one of the input is 4. In other words, all the inputs 
must be simultaneously ‘true’ if the output is ‘true’. AND gate is also known 
as the ‘coincidence’ gate. 


9.1.2 OR FUNCTION 


Consider the statement that ‘Ram is twenty years old OR’ ‘Ram can vote'. 
In terms of variables A and B, we find that the statement is ‘true’ if A OR Bis 
‘true’. "The truth table for the OR function is given in Table 9.3. 


Table 9.3 Truth Table for OR function 


A B |(C-ATB. 
1 ey 1 VAS 
RESET: 0 ro 
ks 0 1 1 
0 s 0 0 rape 


Synibolically the OR function has been represented by symbols like ‘+’ ‘U’ etc. 
We shall use ‘+ symbol for representing OR function. Thus 


@ i dap (9.1.3) 


Here also no addition is intended by eq. 9.1.3. The symbol for the *OR' gate 
is shown in Fig. 9.2. , 


А 
C=A+B 
B 


Fig. 9.2 OR Gate 


The output of OR equals 0 only when all the inputs to the gate are 0. 
9.3 NOT FuxoTION 


Let us take the statement “Ram is NOT twenty years old". This statement 
is ‘true’ only if the statement, symbolised by A, ‘Ram is twenty years old’ is ‘false’. 
That isif А is‘1’ then NOT А is ‘0’. If Ais‘0’ then ‘NOT 4’ is ‘4’. - The truth 
table for the NOT function is shown in Table 9.4. 


Table 9.4 Truth Table for NOT A 


A | А = NOT А 


LOGIO AND DIGITAL CIROUITS 301 


Symbolieally the NOT function is represented by putting a bar over the variable. 
Thus NOT A =A. In circuits the NOT function is indicated by two symbols 
shown in Fig. 9.3. The symbol in Fig. 9.3 (a) is self explanatory. By placing 
a small circle at the end of the line as at the input of the variable B as shown in 
Fig 9.3 (b), we indicate the inversion or the NOT operation. 


Rome CMT 


(a) Not (b)  tnversion 


Fig. 9.3 NOT Gate 

9.1.4 МАМ” FuNOTION 
The NAND function is a contraction of the function ‘NOT AND’, ie. 
NOT (А. B). ‘The function equals О when all the input variables equal 1. In 
other words if any of the input is O, the output is 4. The truth table for the 
NAND funetion is given in Table 9.5. The symbol used fo" NAND operation 
15, Ts Thus; pd 
C 2A NAND B 

об @ ж А ee (9.1.4) 
The symbol for the NAND gate is shown in Fig. 9.4. “The small circle at the 
output represents the NOT operation. 

Table 9.5 Truth Table for NAND function 
CA B 


or c= A B 


1 1 0 

1 0 1 Д, 
1 ^ 1 

0 0 1 


^ С=АВ=А}В 
|с у 


Fig. 9.4 NAND Gate 


9,1:5 NOR FUNOTION @ 
The NOR function is a;contraction of the ‘NOT OR’ function i.e. NOT 
(A -- B)... The function equals 1 when all the inputs are 0, or if any of the inputs 
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is 1 the output is 0. The truth table for the NOR function is given in table 9.6. 
The symbol for the NOR operation is‘ |’. Thus . 


C =A NOR В = (A 4 B) 
or cos АОВ (9.1.5) 


Table 9.6. Truth Table for NOR function 


A B. C= ANB 
or C= (A+ B) 

1 1 9 

1 ў 0 0 

0 1 0 

0 0 1 


The symbol for the NOR gate is shown in Fig. 9.5, The small circle at the output 
indicates the NOT operation. 


Fig. 9.5 NOR Gate 


Although there appears to be nothing new in tne NAND and NOR gates 
but these gates are commercially available in MSI and LSI circuitsin large numbers 
- and cheaply. In the beginning when ICs started competing commercially in the 
market, it was seen that the NAND gates were most easily realised in TTL 
circuits. Since the NAND gate could be used to synthesise all other logic circuits, 
it has become quite economical to use only NAND gates, Similarly in some other 
logic circuits like the ECL (Emitter Coupled Logic) it was easier to realise a NOR 
gate. Since many gates can be packed into a small chip the concept of using 
NAND or NOR only for all realisations has been quite popular. With the large 
availability of AND, OR gates ete now, the use of NAND or NOR gates exclusively 
may not be very economical. 


9.1.6 Ex-NOR Fonotion 

The exclusive-OR function is different from the OR function described in 
the earlier section in the sense that the usual OR function is redefined as Inclusive- 
OR. The function is 1 whenever the two input variables are dissimilar. In other 
words the output assumes 1 state if one and only one input state becomes 1. 
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The truth table for Exclusive-OR is given in Table 9.7. The symbol for the 
EX-OR operation is ‘®’,. Thus 


C=A@B (9.1.6) 


Table 9.7 Truth table for EX-OR function 


A B C—A0B 
1 1 0 
1 0 1 
0 1 : 1 
0 0 P 0 


'The symbol for the EX-OR gate is shown in Fig. 9.6. The EX-OR function is 
also known as an ‘anticoincidence’ function, that is the output is 1 when the two 
inputs do not coincide. 


amm) o сз: 


Fig. 9.5 EX-OR Gate 


9.2 Boolean Theorems 


We have studied some, of the logical functions of two variables like AND, 
OR and EX-OR functions, The variables assume only two states conveniently 
defined as ‘4’ and ‘0’, The Boolean Algebra tells us that for binary variables 
the following holds 


OR AND 
[my 14 —1 
1+0=4 10=0 (9.2.1) 
Ort 24 04 — 0 
0+0=0 0.0 = 0 
and 1-20; O=1 (9.2.2) 


Boolean algebra like other algebras consists of a set of symbols and a set of rules 
to manipulate these symbols. Thus this algebra has only two symbols ‘0’ and A 
and eq. 9.2.1 and 9.2.2 define some of the rules of manipulating these symbols. 
There are some more postulates and theorems in Boolean algebra. We may 
wonder at the usefulness of such odd kind of arithmetic but we find the Boolean 
algebra is employed to manipulate a given logic function in such a way that the 
final expression can be easily implemented in hardware. Thus logical circuits 
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can realise any complicated logical expression.’ This is the cornerstone of the 
great computer revolution. 

Before taking up the theorems of the Boolean algebra we would like to 
reemphasise that the AND, OR and the NOT functions are the basic building 
blocks: of what follows. We shall define some commonly used terms like 
equivalence, complement and dual. 

Two logical expressions are ‘equivalent’ if one expressionequals ‘1’ when the 
other expression equals ‘4’ and it equals ‘0’ when the other equals ‘0’. The 
expressions are ‘complements’ of each other when one expression equals ‘1’ only 
when the other equals ‘0’ and vice versa. Complement of an expression is 
obtained if (i) all the ‘+’ signs are changed io ‘,’ and vice versa, (ii) all the *1's 
are changed to ‘0’ and vice versa and (iii) all the variables are inverted or 
complemented. Thus, for example, the complement of 

ABC + AA + CB +0 
is(A +B+0). (4+0) (C By. (9.2.3) 
Dual of an expression is obtained if (i) all the ‘+’ signs are changed to *-' 
and vice versa and (ii) all the ‘4’ are changed to ‘9’ and vice versa. The variables 
are left undisturbed. Thus the dual of 


ABC + AA + CB +0 


is (A --B- C) (А-0). (€ + B) 1 (9.2.4) 
The OR and AND expressions in eq. 9.2.1 are duals of each other. 

The theorems of Boolean algebra are derived from the postulates given in 
eq. (9.2.1) and (9.2.2). We shall have A and B to be the logical variables ossuming 
states of “1” and ‘0’, Since we are using the signs of addition and multiplication 
for OR and AND functions, we shall equivalently call these operations as addition 
and multiplication without really assigning the significance of the arithmetic 
operations. Thus we can conveniently say that 1 + 1, = 1 (one plus one equals 
one). Proof of the theorems is not explicitly given but any theorem can easily 
be proved by substituting all possible values of the variable in the expression and 
seeing that the conditions, are satisfied. This is particularly easy for Boolean 
algebra since the variable has only two possible values. Thus the following identi- 

“ties can be written down | 


1. (0) OA = 0. 1.0). 4-4 Avs 4 (9.2.5) 
2. (а) LA = A 2.4) ss OC tod (9.2.6) 
3, (а). А.А. = A & у (9.2.7) 
4. (a) AA -— 0 2 xu cet (9.2.8) 


Taking eq. (9.2.5) we see that both the theorems 4(a) and 1 (b) are trne if 
we give A the two values of 0 and 1. The theorem states that “anything multi- 
plied hy 0 equals 0 and 1 plus anything equals 1". In fact the theorems 1 (a) and 
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1 (b) are duals of each other. 16 can be shown that whatever theorem is true its 
dualis also true. Thus, we need prove only one of them. 

Similarly the. theorem 2 states that "multiplication by 1 or addition of 0 
does not change the expression”. The theorem 3 states “multiplication by itself 
and addition to itself does not change the expression’. The, theorem 
4 says that “multiplication of an expression by its complement makes 
it equal to zero and addition of an expression to its complement equals 1'' 
We shall solve some examples to demonstrate the usefulness of these theorems in 
simplifying expressions. i 
Example 9.2.1 

Simplify and show that 

(a) A.A.B = AB (theorem 3 (a) ). 
(b) А.А.В = 0 (theorem 4 (a)) 
() A+B+4B = 1 
Taking dual of the expression we have to show that 
AB. AB=0 
This is obvious from theorem 4 (a). fS 
(a) (А +.B) (В + C) (C + Ау = AB + BC + CA” 

Solving (AB + AC + BB + BC) (C + A) V^ AN at : 

=: ABC + ААВ + ACC + AAC 4- BC + BA + BC + BCA is 
= ABC + ABC + AB + AB + AC + AC + BC + BC 
= AB + BC + AC(B +1) = AB + BC + AC. 

We have in solving the last expression above used ordinary laws of algebra 
like the associative, the commutative and distribulive laws, These laws hold in 
Boolean algebra also and are simply stated as 


Associative laws 


5 (a) (AB) C = A (BC) е auda) 

5 (b). (4+ B) С = A + (В + C) gie (9.2.10) 
Commutative Laws ge RM D 

6: (а) AB. = BA “toh vel etd) 

6(b AbiB = B+ A ао deni 4) 
Distributive Laws ` ü | gi al 

7() A(B FC) = АВАС Y in oid qi ADU ЕЕ) 


and its dual aN 
Im d is alil} avion 09.2.14) 


7 (b) A+ BC — (AY B) (A С) 


Another important theorem known as De Morgan’s theorem: is 'stated as (: 


8() АВС = A-BTÓ:^ | (9.2.45) 
8() AF BPC H wie =A B.C: ^! (9.2.10; 
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There are some additional theorems along with their duals which help us 
in the simplification of Boolean expressions. 


9 (a) AB + AB =A 9 (b) (A + B (A+ BY =A (9.2.47) 
10 (a) A4- AB = A - 040 (b) A (A +B) =A (9.2.18) 
(a) A+ ДВ = АВ "' ft (b) A +B) = AB (9.2.49) 
12 (a) AB + AC + BC = AB + AC (9.2.20) 
12 (b) (A + B) (A + C) (B + €) — (4 + B) (4 + C) 

13 (a) AB + AC = (A + C) (4 +.B) (9.2.21) 


42 (b) (A + B) (Æ + C) = AC + AB 
We shall illustrate the application of these theorems in some examples here, 


Example 9.2.2 ' 
(à) ABO--BOD-- AD 
Applying theorem 13(a) in reverse 
AB б + BGD + AD) = ABC, 4- AD 4- DBO -- ABC 
- AD H BOA EA DBC Using theorem 4(b) and 4 (b) in 
A succession 
= AD + BC (1 + D) 
= AD+ BC f Ng "d 
(b) simplify (4. 4- B 4 О) (C-D) (Ay В.р + E) 
Let A+ B= X 
Then oF =@+B+O0)(C +0) (А +B + D o4 E) 
Ree desque cerdos cut 
Now (X+0)(X+D+H =X +O(O+ 
P [X +6 (D + E) 1 (C + D) rans -+ DO (D + Е) 
X (C + ру + ODE 
= (A -+ B) (C + D) + CDE б 
=з (A | В) (C+D) 1-06 -D) ОЁ -(C-FD)(A -B. + ОЕ) 


| 


ll 


Example 9.2.3 
Living in Kharagpur you have to catch a plane at Calcutta. To do this 
you must board the 4 : 30 train to Calcutta, which you can if you obtain a cycle 
rickshaw for the station and the railway crossing is open, or if уоп сап get a bus 
ïn which case you can reach in time even if the railway gate is closed. 1 the 
train is on schedule at Calcutta you can reach your flight by boarding a bus, 
otherwise you have to hire a taxi. You can not afford a taxi at Calcutta, if you 
hired a cycle rickshaw at Kharagpur. In what. situations do you get your plane ? 
To solve this problem we introduce and define the variables : 
() A : You hire « cycle rickshaw at Kharagpur 
(ii) B : You board a bus at Kharagpur 
4 (iii) С : You catch the train 
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(iv) D. : The train reaches Calcutta in time 
(у) E .: You take a bus at Calcutta 
(vi) Е. : You hire a taxi at. Calcutta 
(vii), б. : The level crossing at Kharagpur was open. 
(viii) .X : You reach the Airport in time. 
We thus see that 
C = AG +B 
X. = C (DE + DF) 
AF -=.0 


X = (AG + B) (DE + DF) 
= AGDE + BDE + DF) PME 
Thus you. get to the, airport in time if you. board. a bus B=1, A=0) 
at Kharagpur or if you hire a cycle rickshaw (4-1, B=0) but then the level 
crossing must be open and the train reach Calcutta in time. 


9.3 Binary Numbers 


We are accustomed in everyday life with numbers in the decimal system. 
In the binary systems, since there are two values assigned to any variable, it is 
convenient to work with a binary number system. In fact there is nothing natural 
about the decimal system other than that this system has been universally adopted. 
A number system with any other radix could have been used. Let us examine the 
decimal system in some delail.. We find that we have ten symbols (252,8, 359 
to represent all quantities upto 9 and for a longer number we shift the. position of 
the digit. Thus we have positional information in terms ‘of units, tens, hundreds 
and so on. A simple number like 4375.28 in the decimal system is therefore 
4.X.10 4.3 x 10* .-7.x.10! 4-5 x 10° +2 x 10 +8 x 10" 
= 4000 + 300 + 70 + 5 + 0.2 4+ .08- 
= — 4375. 28 
A number in the octal system (base of 8) is similarly written as 345.24 (octal) 


== ЗЕ BFE 4 96884 5 x 89gp BEX 87 1 
20 ‘ 
= 229-7 (decimal) 


== 229.3125. (decimal) 
All the symbols in the octal system will be less than 8. 'l'hus in the binary system 
with two symbols 0 and 1, a binary number 1100.11 will be 


eh d du b e оо 
= 844 1040 +5 " (decimal) 


12,75 (decimal) 
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We have in the previous section used ‘1’ to represent a true statement and 
‘0’ to represent a false statement. They were logical variables and not numbers. 
The numbers used here 1 and 0 are arithmetic numbers. However, if we identify 
the logical ‘4’ with the arithmetic 1 and the logical '0' with the arithmetic 0, then 
we can use the same logical circuits to solve both the logical and. arithmetic 
problems. 


9.3.1 CONVERSION FROM DECIMAL TO BINARY SYSTEM 
A convenient method of converting from a decimal to a binary number 


(number in any other base) is as follows. The decimal number is divided in two 
parts. The number to the left of the decimal point is handled seperately from the 
number on the right side of the decimal point.The number to the left of the 
decimal point is divided by 2 (the base (о which the conversion is desired) and the 
“remainders” are noted for each division. The division proceeds till we reach 
the quotient 0. The remainders form the number in the new base 2 except that 
the remainders are read out from the last remainder to the first. 

The right-hand side ‘of the number—right of the decimal point—is repeatedly 
multiplied by 2 (new base desired) and the ‘Carriers’ are recorded for each multi- 
plication. The process continues till we reach 0 as the product. The ‘carrier’ 
read out from the first carry to the last represents the binary number (number 
in the new base) to the right hand side of the decimal point. The process of 
multiplication may be stopped earlier if we reach the number of digits required 
to the right of the decimal point before the termination. Let us illustrate the 
process, with an.example. 


Example 9.34 


Convert the decimal number 372.875 into a binary number 


Left part Remainders 

Ai (OT аба 9 
2 | 186 0 
2 |93 1 
2:].46 55... 0 

2 [23 — T 1 
; 211 1 
i 2|5 1 
2|2 0 
211 1 
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Right Part 
Carry 875 
ЖУ? 
1 10750 
2 
1 2 500. 
Aa 


4 000 da 82 
Hence the binary equivalent of 372.875 is 
1:011. 1-0:4,0:0 2 1:47 T 

W can convert it back to decimal to obtain { 

1 x 25b. 0 x 2! Ах: Doped х OB o Юе а" 

1x2+0x22+0% 26+ 1% 2h+4% 27% + 1% 24 

ss 972.875 
In practice, in many situations which are more common than otherwise the 

binary number to the right of the decimal point does not terminate though the 


decimal number has a finite number of terms. Arbitrary termination of the binary 
number after a certain number of digits may have to be used. 


9.3.2 BINARY ARITHMETIOC 


Addition, subtraction, multiplication and division of. binary numbers follow 
the usual atithmetic rules. Actually multiplication can be looked upon as repeated 
addition (which it actually is) and division can be thought of as a repeated 
subtraction. Subtraction also is nothing but addition using 4’s complement where 
the carryis disregarded. Thus, a basic adding circuit can perform all the arithmetic 
operations. We shall show how a logical circuit. can perform the addition 
operation. Let uslook into the process of addition by taking n two numbers 101 (5) 
and 100. (4). 


eles) 


- "Carry | 1-01. — ДА, 
c dull acid 
О Чолу 


There are four possible combinations when we add two binary numbers, 
We observe that 1 plus 0 and 0 plus 1 both give 1 as output. 0 plus Ois 0 but 1 
plus 1 gives 0 as the output with a carry of 1. If we ате to assume for ə moment 
that logical *1*/0" and arithmetic 1/0 are identical, then the addition process is 
nothing but an EX-OR operation. ‘The truth table of EX-OR i in Table 9.7 shows 
that the sum part of the operation is identical. The carry, however, is not 
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generated by this operation. But ‘carry’ is only required when the bits of A and 
B both are 1 (coincident). A» AND circuit will, therefore, detect the carry. An 
adding circuit consisting of an ЁХ-ОВ апа an AND circuit will give both sum and 
carry information. Such a circuit is called a Half Adder and is shown in 
Fig. 9.7 


Fig. 9.7. Half Adder 


‘The truth table for au half adder is given in Table 9.8, 


Table 9.8 Truth Table for Half Adder 


А ИМ, КЕЕ 

1 1 0 1 

1 0 1 0 

0 1 1 0 

0 0 0 0 у 


In an actual addition operation we have to add two bits of A and B and also 
any carry coming from the previous bits. For example in the addition shown 
below, when the first hits of A and B are added we get a carry of 1. Now when 


1 carry bit 


| 101 =A 
| +.001 = B 
| 410 
we want to add the second bits of A and B we have actually three inputs. They 
are the bits of A and B and the carry bit. A half adder has only two inputs and, 
therefore, cannol. perform this operation. For adding three bits together we have 
и Full adder. 
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Aj : aie Z ^B. Ci, 


5i 


Fig. 9.8 Full Adder 


A full adder consists of two half adders and an OR circuit as shown in Fig. 9.8 
The sum output S, represents the sum part А; © B, Ð C, ү of the operation. 
The carry is obtained from (A, Bj) OR (А, Ө Bi) Cy. C, 4 is the carry from the 
previous bit as explained. The truth table for the Full Adder is shown in Table 9.9. 
Actual adders will be discussed in the next chapter. 


Table 9.9 ‘fruth Table for Full Adder 


Cia At Bi Si Ct 
| SUM CARRY 
(4i Br D Ci-) (Ag Bi) + (44 © Bi) Ci-1 


M 


роь ноо 
orowroro- 
моо н о – ео 
буз ка >а © оз 


The block logic circuits shown in Figs. 9.8 and 9.7 are only conceptual blocks. 
The actual circuits may be different since the EX-OR can be realised in many 
different ways. For example the logic expression for EX-OR is written as 


C = А GB ~ (A + B) (AB) (9.3.1) 
The above expression in different ways looks like the following 
C= ABI BA. - (9.3.2) 
or C = АВ АВ іі (9.3.3) 
ot... C — (4 + B) (A.B) (9.3.4) 


Each of the aboye equations can be used to realise an EX-OR function. Some 
of the realisations are shown in Fig. 9.9. A realisation of EX-OR using NAND 
gates alone'is shown in Fig. 9.9 (e). 
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(d) (A+B) (A+B) 


(e) AB AB 


Fig. 9.9 Ex OR realisations ў ; 

Thus it is seen that the operation of addition can be performed using a 
combination of AND, OR and NOT logic gate circuits. All other arithmetic 
operations can, therefore, be performed in hardware using binary numbers and 
logic circuits. : 

The question that now arises is how do we make a logic gate in hardware. - 
Starting with switches in series and parallel logic gate circuits have been built 
using Diode-Transistor Logic (DTL), Resistance-Transistor Logic (RTL), 
Transistor-Transistor Logic (TTL), Direct-coupled-Transistor Logic (DCTL) 
Integrated Injection Logic (IIL), Emitter-Coupled-Logic (ECL) and MOS gates 
among many others; We have selected TTL gates and MOS gates for illustration 
here. TTL gates are being used extensively in MSI and LSI cireuits and are 
available commercially at very low prices. MOS gates particularly the CMOS 
gates, on the other hand, form an entirely different approach to the design of logic 
circuits and are capable of very large scale integration. They deserve a more 
detailed description. The heart of the TTL and other similar gates is the transistor 
switch which we shall take up: next for study: 
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9.4 Transistor as a Switch 


We have described the characteristics of transistors in chapler 3 and their 
terminal behaviour in Chapter 5.. Later on, we used the transistors in linear 
circuits where it behaved like an amplifier of signals. The transistor was all the 
time in its active region i.e. the base-emitter junction was forward biased and the 
collector-base junction was reverse biased. We shall now study the characteristics 
of the transistor when it is used in a switched mode and it either conducts fully 
or is cut off. In the development of logic circuits, the AND, OR and NOT gates 
could be built using mechanical relay switches which are ‘on’ and ‘ ой’. Though 
such relay circuits are still used, their speed of operation is very low. Transistors 
used as switches can be made to operate at very high speeds and large number of 
transistors can be fabricated on small silicon chips. 

A circuit arrangement of a transistor switch is shown in Fig. 9.10 (a). Its 
conceptual counterpart, is shown in Fig. 9.10 (Б). If the current 7g is small or 
zero then the transistor is cut-off and the load resistance R, is-disconnected from 
Veg. The switch S in Fig. 9.10 (b) is open. If the current /5 is now suddenlly 
increased from zero value so that the transistor conducts fully, the voltage drop 
across R; is almost equal to the Vog. This is the situation in Fig, 9.10 (c) when 


I 
8455 


(a) Transistor switch 


Re R, 
$ М, ? 
I cc Vee 
(b) Switch open (c) Switch» closed 


Fig. 9.10 Transistor used as a. Switch 
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the switeli S is elosed. Thus switching the current /g in the transistor circuit 
makes the transistor ‘on’ and ‘off’. 


it is desirable that the voltage drop across the transistor when it is fully 
condueting be small- ideally zero. Also the current through it be ideally zero 
when it is not conducting. In terms of the biasing of the transistor with two 
junctions we would have four conditions of biasing combinations. They are 
(i) Base-emiter forward biased and collector-base forward biased, (ii) Base-emitter 
forward biased and collector-base reverse biased (iii) Base-emitter reverse biased 


and collector-base forward biased and (iv) Base-emitter reverse biased and 
collector-base reverse biased. 


We are familiar with the condition (ii) which is the normal condition of 
biasing and we say that the transistor is in the ‘active region’. Condition (iv) is 
obviously the ‘cut off condition. when the transistor does not conduct. Actually 
it is not necessary to reverse bias the collector-base junction for producing a cut- 
off, If the current Zp = 0, the transistor particularly. silicon, is very close to cut- 
off, Small amount of reverse biasing of the base-emitter junction may be necessary 
in germanium transistors to produce the cut off. Condition (i) is also a transistor 
conducting condition and is known as the saturation condition, The condition 
(iii) does not seem to have any bearing on the use of the transistor in the normal 
mode. In fact this is the ‘inverse’ mode of operation of the transistor and 
theoretically speaking a transistor should function under this conditon also. The 
three regions of interest are, thus the cut-off, the active and the saturation regions. 
In the switching mode we do not operate the transistor in the active region. The 
transistor from the cut off passes into the saturation region via the active region. 
We shall now describe in detail the cut-off, the saturation and the inverse mode 
of the transistor. à 


9.4.1. TRANSISTOR AT CUT-OFF 

The cut-off in a transistor is defined) by'the condition that Jy = 0. In 
actual practice there is vlways a small reverse saturation current flowing through 
a reverse biased junction and thus J, cannot be ideally zero when i= 0. In 
an attempt to cut off the transistor in Fig. 9.10 (a), we could first reduce Гв = 0 _ 
and then, if necessary, reverse bias the base-emitter junction. Let us examine 
the situation when Ip = 0. The voltage Vgg 1з not enough to drive the current 
Ip asshownin Fig. 9.11, Referring to the eq. (3.2.6) we find that if Ip = 0, we 
have z 


Io = 84g Too, Gen е (8.2.6) 


s. oos M 25 (94.1) 
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Such a situation will arise when the voltage Vg is smaller than V pg, the cut-in 
voltage of the transistor. The value of « may not become zero near cut off 


== 1 


Yep 


Fig. 9.11 Biasing of transistor Switch 

conditions as-in the germanium transistor and Igg/(1 — a) in eq. 9.4.1 may be 
quile iarge. In. silicon transistors, however, the value of œ approaches zero near 
cut off and then Г, = Igg when Ig = 0. Thus, in silicon transistors zero base 
current produces a cut off condition. To produce a cut-off in germanium 
transistors the base-emitter junction has to be reverse biased somewhat and a value 
of about 0.1V is suflicient, 

The collector current under cut off conditions (Ig —0) is known as logo. 
This current is larger than Igg because of the additional effect of surface leakage 
current and. avalance multiplication effects in reverse bias junction. The Jego is 
temperature dependent and doubles for every 10°C rise in temperature of the 

: junction. . This current is of the order of 0.01 pA in silicon transistors and about 

1A in germanium transistors. This current is dependent on the size and power 
dissipation capabilities of the transistor and varies over a very wide range of 
values. To sum up we can say that a silicon transistor is cut off as Jong as the 
base-emitter voltage is lower than the cut in voltage of about 0.65 V. For 
germanium transistors the base-emitter junction has to be reverse biased to 
reduce the collector current to Joo levels, 
9.4.2 TRANSISTOR IN SATURATION 

If the voltage Vgg in Fig. 9.11 is increased to values above the cut-in level 
the transistor conducts. As the J, is increased farther the current J, goes on 
increasing. We had defined the small signal parameter А Г /А Ig as B or hye 
of the transistor. In switching mode we define another parameter /(/[5 as the 
d.c. beta or kpg. This is also known as the d.c. forward transfer ratio or large 
signal current gain of the transistor. In general, in the active region, the small 
signal h,, and large signal kpg are almost equal. Coming back to the circuit of 
Fig. 9.11 as we increase /5 we obtain hpg Ig == Гс as the current in the collector 
circuit. The voltage Vo, given һу 


Vor = Иос — Ic Ri (9.4.2) 


- goes оп falling as Zg increases. The base-emitter junction is forward biased and 


"n 
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the collector-base junction is reverse biased and the transistor is in the active 
region. As Vog becomes smaller we find that the collector-base junction voltage 
becomes zero and finally as we continue increasing Гв, the junction becomes 
forward biased. At this point the base is at a higher positive potential than the 
collector. This is called “Saturation” of the transistor. Some important 
observations at this. point are as follows: а! 
(i) The voltage Vog is smaller than Уре since the collector-base juuction is 
forward biased, It is of the order of 0.3V for silicon transistors and about 0.1V 
for germanium transistors. The voltage Ув. at saturation is about 0.75 volts 
for silicon and 0,3V for germanium transistors. e ; 
(ii) As the base current is increased further the collector curreat does not increase 
any further. In fact we find that 
Іс < hig Ip ? 

(iii) "The minority carriers injected into the base by the forward biased base-emitter 
junction are in excess of the carriers collected by the now forward biased collector- 
base junction, We have, therefore, the phenomena of stored charge in the base. 
If we desire to switch the transistor from saturation to active and then to. cut-off 
regions again we have to allow time for the dispersal-of these stored charges in 
the base. The stored charge in the base region actually sets the limit on the, speed 
of operation of transistors іп the switching mode. Pa eK AM 

Manufacturers. normally. specify, the. values of Von. (Saturation), Ver 
(Saturation). and kpg for various currents and temperature values. These values 
do not differ widely from one unit to another and therefore, approximate ‘rule of 
thumb’ values can be specified as in Table 9.10. 


Table 9.10 Saturation and cut off voltages in a Transistor 


Vcg (sat) Уве (sat) Уве (сип) _ Иве (cutoff) 


АННА оН а pe Emm T 
Silicon 0.3 15 ANG 0:65 ЕТЕТ 0.0 


SO ___—_— 


Germanium 0.1 RA 0.2 —0.1. 
germanhm . ; 00 un ы i eri rese e NN 


We notice that the voltage across the. transistor, switches from Усс to 
Vog (sat) ( 0) when the transistor is'switched from cut-off to saturation. 


9.8 Inverse MODE OF OPERATION OF THE TRANSISTOR 

Normally we are nol interested in the operation of the transistor in the 
inverse mode when the collector-base junction is forward biased and the emitter- 
base junction is reverse biased. Such a situation arises in TTL circuits which we 
shall describe later. “We shall only consider silicon transistors here. Normally 
the doping of the transistor’ is so arranged that the normal а (= ay) is larger 
than 0,98 whereas the inverse ® (= a; ) is very small’ béing Otor so. The hyc 
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(d.c. gain) of the inverse mode transistor is thus about 0.1. The biasing of the 
inverse mode transistor is shown in Fig. 9.12 

dem "le 


Ip —» Re 


Ip Iu Ew 


Fig. 9.12 Transistor in the inverse mode 


The various currents can be written down as 


-~ Ig Sa is Ig + Ig (9.4.3) 

— lj — hg. d (9.4.4) 
We can calculate 7, in terms of I, by combining eq. (9.4.3) and (9.4.4). Thus 

Ig = — Ig (1 + hro) (9.4.5) 
We find that I, == — Ip and — I, <I. 


Example 9.4.1 

In a transistor shown in Fig. 9.44, the values are Vj; = 5V, Д, = 5K Q, 
Veg = 5V and hpg = 20. What value of Rg should be used to keep the transistor 
in saturation ? 


Now beara +i H 
Вр Don 10" 


— 1 mA 


The voltage at the collector will be about 0.3 V. The base current should be larger 
l 14x10? 


than, ——— = ——— = 50 uA. If the Vy, (Sat) is. assumed to be 0.75V, 
hrg 20 
then ` 
ajs Vss — Vantsan - 
1з 
5—0.75 
AE 6 
50 10 
— 85.0 K Q. 


A. resistance. of 85 K Q iu the base will bring the transistor just into saturation. 
We should allow a certain factor of safety if we want. to ensure that the transistor 
remains saturated. with variations of temperature and gg. A safety factor of 
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2 or 3 may be conveniently used and hence В» should be less than or equal to 
40K Q. 


9.4.4 TRANSISTOR BwrrcH IN A LOGIO GATE 

So far we. have discussed the operation of a transistor switch. Before 
proceeding. with a description of logic gates like TTL ete. we shall demonstrate 
how a switch can be used to generate various logic functions. As mentioned 
earlier many gate circuits like DTL, RTL etc. have been developed where the 
transistor switch plays a pivotal role, For demonstration we have two circuits 
in Fig. 9.13 (a) and (b) 

In Fig. 9.13 (2), if both the inputs are zero (logic 0) then only the base voltage 
is small negative and the transistor is cut off. The output voltage is 12 V. Hi 


12у 


№1) = 12% 
V(0). = oV a 


8) One transistor circuit 


v(1)25V 


М(О)= oV 


(b) Two transistor circuit 


Fig. 9.13 TWO NOR circuit realisations 
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any of the inputs goes to 12 V (logie 1) the transistor draws a heavy current and 
goes into saturation. The output voltage is Vog (sat) = 0 volts.. This is VOR 
logic and the circuit is a NOR gate. i 

: Sirailarly in Fig. 9,13 (b) if the inputs are at low level (logic 0) then the 
switches are cut off and the output is high (= 5 V). If any of the inputs becomes 
high (== 5 У), that particular transistor goes into saturation and the output is 
almost zero volts. This also, therefore, is a VOR gate. 


Notice that the transistor goes from saturation to cut off and vice versa, and 
except for the time take for switching it does not stay in the active region. I! is 
because of this speed of switching that-the TTL gates to be described next have 
‘become so populat. 


9.5 TTL gates 


As mentioned earlier TTL. stands for Transistor-Transistor logic. The basic 
TTL gate is shown in Fig. 9.14. We notice that the collector of transistor T, is 
connected to the base of T, whose emitter is grounded. · The voltage at the base 
of T, and hence the collector of T, will not rise above about 0.75 V —the Vg; (sat). 
Now, if we have Vy as high ( 5 V) then the base-emitter junction of T, is reverse 
biased and the base-collector junction is forward biased. This is the same inverse 
mode operation mentioned in Section 9.4.3. From eq. (9.4.5), we have lo, & 
Ig, with kro < 1. The base current 75, of T, is the same as J,, and hence the 
base of T, will be driven. If the resistance Rg is properly adjusted, this current 
will be enough to drive T, into saturation. The voltage at the collector of T, is 
almost zero volts. 


Ve 5V SV 


Vout 


Fig. 9.14 Basic TTL gate 


Now the voltage Иру is switched {о zero volts (approximately). The base- 
emitter junction of T, becomes forward biased and the voltage at the base of Т, 
becomes aboul 0.75. The collector. of T, is at about 0.75 V since T, was in 
. saturation. Momentarily, therefore, the Waisted T, is in the active region. 
The stored charge in the:base of. T; (since T; was in saturation) can now flow out 
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as the collector current of T}. This is the cracial point in the TTL gate. The 
stored charge is removed as an initial large collector current of another transistor 
and not allowed to leak away through a large resistance at the base. Unless and 
until the stored charges are removed the T, will not come out of saturation. In 
this arrangement, therefore, faster action is possible because — NE lu 
hpg X Ig. Once T, comes out of saturation, it is cut-off and the Ушур goes 
to Voo = 5 V. AT 

Thea, of T, in the TTL. gates із made very smallby deliberate design and 
values of æ, ша 0.02 are quite common. With reference to eq. (9.4.3) and (9.4.5) 
we can see that the current Го, = — Igi X 1.02 when Уу is high. That is, of the 
total current Ip, (= Го) flowing in the base of T» only a small amount is taken 
from the source connected at the input terminals. The majority of the current 
about 98 % is supplied by the base circuit of T,. Thus the circuit of Fig. 9.14 has 
the additional advantage of taking in a very small current from the drive source. 


A logic gate has two inputs. The basic gate of Fig. 9.14 is expanded, as 
shown in Fig. 9.15, to take in two inputs. The bases and the collectors of the 


ус? у 


Rg ) Vcc 


n 


Fig. 9.15 TTL NAND gate 
two transistors T, and T, are joined together. If any or.both the two inputs are 
zero, the transistor Ts gets cut-off. Thus the circuit shown is a NAND gate. 


9.5.1 TTL INTEGRATED CIROUIT GATE 

Fig. 9.15 shows a NAND gate using the Transistor-Transistor Logic. The 
transistor T, and T, have common base and collectors. "Thus while integrating 
many gates ou a single silicon chip the two transistors T, and T, were integrated 
into a single transistor with two emitters. A pictorial representation of a transistor 
with one collector, one base and two emitters is shown in Fig. 9.16 (a). If neces- 
sary more emitters can be fabricated on the same base and we would obtain a gate 
with more than 2 inputs. Fig. 9.16 (b) shows the symbol of a multiple emitter 
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(a). Method of. fabrication 
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Fig. 9.16 Multiple Emitter Transistor 


transistor, The NAND gate of Fig. 9.15 is fabricated with a multiple emitter 


transistor and is shown in Fig. 9.17. 


Veco = SV 


Fig. 9.17. Multiple Emitter NAND circuit 
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To allow high speed switching and a large fan-out (explained later) the 
integrated circuit TTL gate is actually fabricated with a totempole pair output 
circuit. The whole circuit of a typical 4input ІС NAND circuit is shown in Fig. 


9.18 with typical values.of the resistances’ used. 


Ncc? SV 


Fig. 9.18 4-input IC TTL NAND Gate 


The resistance Ro in Fig. 9.17 is called a pull-up resistor and has. been replaced 
by an active circuit of transistor Ту and diode D in Fig. 9.18. The advantage of 
an active pull-up resistor is that we can make the effective valuo of this resistance 
very small or very large. If the transistor Ту goes in, saturation then the 
effective value of Ro will be about 100 ohms. If the transistor Ts is ¢nt-off, the 
effective value of Ry is very. high. 


T, of Fig. 9.17 and 9.18 is the transistor across which the output is taken. 
When the output is low or at logic 0, the transistor Тз is in saturation and Т, is 
cut off. Similarly when the output is high at logic level 1, the T, is off and T, 
is in saturation. The phase splitter using the transistor T, provides the two 
drive voltages to T, and T, in opposite phases. When all inputs are high and the 
Vous is zero, the transistur T, із in saturation, and hence the emitter of T, is at 
0.75 V as expected. Under this condition T, will be in.saturation and the collector 
of T, will be approximately al 1 volts. Adding the drops across B-E of Ts and 
the diode D, we lind that this 1 volt cannot drive Ts and it is. cutoff. The diode 
D. prevents T; to go into saturation when T, is in saturation. 


It is necessary for a gale circuil to provide the logic input levels to а nuniber 
of other such gates. The number of gates driven by a single gate is called the 
‘fan-out’ of that gate. Whenever the logic level is 1, the Vous is at Veg and the 
active pull-up resistor of T, and D in Fig. 9.18 has to supply the input currents of 
the driven gates. Commercial IC gates have a fan-out of 10, 
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The TTL gate circuits use a Voc of 5V.' The logic 1 is represented by a 
‘high’ voltage and the minimum value of this voltage at the input terminals is 2 
volts. ‘The logic 0 is a low voltage and its:maximum value is 0.8 V. At the 
oulpul terminal of the gate typical ‘4’ or ‘high’ voltage is 3.3 V and the typical 
“0” or low voltage is 0:22 V. The power dissipation is on an average 10 mwatts. 
The current from the power supply ranges between 1.6 mA to 4.8 mA. The max. 
current of about 4.8 mA flows from the supply when the output is at‘(’ level. 


At the input terminal for a logic ‘0’, the current coming out from each emitter 
lested seperately, is 1.6 mA maximum, At logic ‘1’ the emitter current is going 
in (inverse operation of the transistor) and is 40 ША maximum. 


We have mentioned nothing aboul the speed of operation and the time it 
takes for the signal to travel through the TTL gales called the propagatiou delay. 
In high speed circuits this is a very important criterion, Table 9.11 lists the 
propagation delay of some typical TTL gates. 


Table 9. ч Speed of;operation of standard TTL gates 


Tum. fete D aet it 


| Propagation delay time 


Schottky gates 


| Low to > High 


| High to Low 


pone 3 ns 


We kavs so ios dco vin the TTL NAND dite. Renee from 2 
їпр to 8 input NAND ‘gates аге available commercially. TTL technology 
has also been used to make NOR, OR, AND, and NOT (INVERTER) circuits 
etc. A NOR and an AND circuit are shown in Fig. 9.19 (a) and (b). The input 
transistor and the phase splitter of Fig. 9.18 are duplicated in Fig. 9.19 (a) as shown. 


Voc 


(а) NOR gate 
Vig. 9,19 (4) An IC NOR Gate 
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The active pull wp aud the totem pole outnut is the same; In the Fig. 9.19 (b) 
the transistors Т, and T, provide an inversion and thus the circuit isa NOT NAND 
— іе., an AND. 


(b) AND gate 
Big, 9.19 (b' An AND TTL gate 


Schottky diodes and Lrausistors (Section 3.12) have been successfully used 
in TTL gates to increase the speed of operation. A wide variety of configuration 
of gates have been marketed but the esssential features of all of them are similar. 
With improvement ‘in TTL technology large number of gales have been packed 
in a chip. Other technologies like CMOS have Some advantages over TTL 
which have made them very popular, We shall next describe the CMOS gate. 


9.6 CMOS Gates 

CMOS stands for Complementary-symmetry Metal-oxide Semi-conductor 
Field Effect Transistor. CM OS digital logic building blocks have been called 
the ideal logic circuits. They are characterised by very low power dissipation, 
high fan-out, large noise immunity and non-critical supply voltage requirements. 
Their speed of operation, however, is slower (lian: the: TTL circuits and the faster 
CMOS are comparable to the slow Ill, circuits, They are available in SST, 
MSI and LSI complexity. " 


Before describing the CMOS vale, we shall briefly explain the construction 
ofa CMOSFET. 1ш section 3.2.3 and particularly in Fig. 3.36 an enhancement 
mode MOSFET has been described: The CMOSFET consists of a pair of 
enhancement’ node MOSFETS, one a p-channel aud another ay n-channel type, 
fabricated together on a n-lype substrate. The p-type substrate required for the 
complementary neehanoel MOSFET is obtained: by dilfusing а p-regiou into the 
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n-substrale. Lhe construction is shown in Fig. 9.20. Four leads per trausistor 
are brought out. 


p-substrate n-substrate 


p-substrate well 


n- substrate 


Fig. 9.20 CMOS Construction 


4 


The two transistors togéther form a CMOS pair. A- possible connection of the 
two transistors is shown in, Fig. 9.21 which is known as an inverter. 


* Vss 


` 


|, -substrate 
h 


p- channel 


p-substrate 


n- channel 


Fig. 9.21 CMOS Inverter 


The two drains are tied together and one ‘source’ is connected to a positive 
supply vollage with the other ‘source’ being connected to the ground. The 
substrate terminals are tied with the source terminals. The two gates are also 
connected together. Since the transistors are enhancement type (Fig. 3.36 (b)) 
the n-channel MOSFET will conduct when the voltage at the gate is above the 
threshold and the p-channel MOSFET will conduct when the gate voltage is below 
the threshold; - This threshold is dependent upon Vgg and is in the range of 2 | 
lo G мош Тогоа Vg, variation of 6 to 45 V — being low for the smaller Узв. Lt | 
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the V gy is low (95.0 V), then the n-channel transistor js ‘olf’. But the p channel 
MOSFET is ‘оп’ because the gate voltage of zero volts is lower than the threshold. 
Since the p-channel MOSFET isin saturation, the output voltage Vous is practically 
equal to Усу. 


Next, when the Ууу is switched to a voltage equal to Vsg, the transistor Ts 
switches ‘on’ and the T, switches'ofi'. The output voltage is now normally zero. 
The CMOS inverter can be viewed as a switch where Т» is the driver transistor 
and T, is the load transistor. The transition of Vou, between Vgg and zero 
volts is very sharp. When the input is at logic 0 or at logic 1 we lind. that one of 
the transistors is cut off. The' power dissipation in the transistors is thus negli- 
gible during the steady states. Current is only drawn from supply V ss when the 
circuit is switching between the two sleady states. Power dissipation is of the 
order of 10 nW and depends upon the speed of switching and the capacitive 
loading at the output of the gate. The Vs, supply may he anything between 5 
to 15 volts, although for reasons of compatibility with other TTL gate circuits 
5V may be used. Interface between CMOS and other gates must be carefully 


used in view of the voltage differences which may exist. У 
1 


9.6.1 CMOS NAND anp NOR Откосттв 


A conventional 2 input NAND gate of the CMOS family is shown in Fig. 
9.22. It uses two ‘INVERTERS’ of the type described above, The driver 


Fig. 9.22 CMOS Nand Gate 
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transistor T} aid T, are connected in series and the load transistors T, 
and T, are connected in parallel. Thus, if ану of the inputs V4 or Vg or both 
are low the T4, T, or both are cut-off. In this position either T, or T, or both are 
conducting and hence the output is high. This is a NAND operation. А NOR 
gate has the two driver transistors in parallel and the load transistors in series as 
shownin Fig. 9.23. 16 can be seen that if апу or both inputs are high the transistor 


: Veg 
6 5 
Ш 
0 
2 
T2 
T, 
+] 


Fig. 9.223 CMOS Nor Gate 


Vout 


Т, or T, or both will be cut off and Уш, wili be low. Only when both V4 and 
Vg are low that the transistors T, and T, are conducting and the V,,, is equal 
to Vgs. This is a NOR logic. 


CMOS gates and circuits have found wide applications in portable 
instruments (where the power dissipation musi be sniall), other medical and 
industrial control equipments and above all in electronic watches. They are 
‘sometimes manufactured as pin-by-pin replacement of some TTL gates. Another 
advantage of the CMOS is its packing den: ity where large number of circuits can 
be fabricated in a very .mall area on the chip. CMOS devices are slower than 
TTL and are very sensitive to capacitive loading. Because of the very high input 
impedance of the CMOS circuits, the inputs may get electrostatically charged to 
a high voltage causing a destructive breakdown of the dielectric. Protection 
circuits have therefore, to be used at the inputs of the CMOS gates. 


A table of comparison between the TTL and CMOS gates is shown in Table 
9.12. The low power dissipation TTL gates are also available and their power 
dissipation as well as speed are comparable to CMOS circuits. 
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Table 9.12. Comparison of TTL and CMOS gates 


Noe T 


Power Propagation Fanout Max clock Noise: 
Dissipation Delay .. Frequency Immunity 
10 n sec 35 MHz i 
TTL 10 mW (5 n sec Schottky) 10 (45 MHz Schottky) IV 
4y 


10 nW 20 n sec. 50 16 MHz (Vss- 10V) 


CMOS 


Review Questions 

9.1 What are the truth tables of AND, OR, NOT, NOR and NAND functions ? 

9.2 What are the truth tables of EX-OR and EX-NOR ? 

9.3. What are Complementary and Dual fünctions ? 

9.4. What ere Boolean. functions? А \ 

9.5 Give the associative, commutative and distributive laws in Boolean algebra. 

9.6 "What is De Morgan's theorem ? 

9.7 What is half adder ? ; 

9.8 . How is arithmetic operation of addition performed by logic circuits ? 

9.9 What is the truth table of a Full Adder. 

9.10 Realise an EX-OR using NOR gates only. 

9.14. What are the voltages of the base and the collector with respect to the 
emitter in a transistor in saturation ? 

9.42 Is the collector-base junction forward biased when transistor is in 
saturation ? 


9.43 What is the collector current of a` silicon transistor under cut-off 
conditions? Whot is the condition of cut-off ? ў 


9,44 What is the inverse mode. of operation of a transistor? What is the 
normal value of 01? | 

945 What are RTL and DTE gates ? Give circuits. 

946 Why is the stored base charge removed faster in TTL circuits ? 

9.47. What are the special features of a TTL gate? 

9.18. What is FAN-OUT ? 

9.419 What is a phase-splitter ? 

9.20 What is a multiple emitter transistor ? 

9.21 Compare speeds of ordinary and Schottky TTL circuits. 

9.22 What are the special features of CMOS gates ? 

9.23 Why is the power dissipation so low in CMOS gates ? 

9.24 How are CMOS gates fabricated ? | 
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Problems 


P 94 


P 9.2 


„ 


0 
‘or 


or 
0. 


ч 


Р 9.8 
P9.4 


Р 9.5 


Р 9.6 


Р'9,7 


РОВ 


Р 9:9 


P 9410 


Simplify the following Boolean Expressions. 

(i) ABCD + BC E + AE 

GA FO ee Cs) 

(i) РОВ + AR + QRD + DA 

(iv) САВ + САВР + BC 

(0): AB + ВС + DAC + EC + EDF 

A patient is brought to a hospital for admission. The duty nurse may 
admit only if the patient is 

1. registered for that hospital and is male and suffering from jaundice 
2. registered for that hospital and is suffering from jaundice and is a 

student 
3. not registered for that hospital and is suffering from jaundice and is 
female. 

4, male and a student 

5, suffering from jaundice and is not a student. Write out a logical 
statement and simplify. 

Convert 429.25 into a binary, hexagesimal and octal numbers. 

Draw the circuit diagram of a 4 bit Full Adder. The numbers are 
A = 1101 and B = 1011. 

Subtract -1 = 1010 from В = 1101 and show the full scheme of the 
circuit. 

The two inputs 4'and В are available. Draw the logic circuit of the 
EX-OR function using only (i) NAND circuits (ii) NOR circuits. 

A silicon transistor switch has a collector resistance A, (in Fig. 9. 10) 
or 1K О, У =: 5V, and hpg immy = 25. What base current is 
required to drive the transistor into saturation ?. What are the voltages 
at the collector and the base? Will the transistor be cut off if the base 
drive current is zero. 

The output of the switch of P.9.7 drives other circuits. Find the 
maximum current that this circuit can *Source'. What will happen if 
the current it drives is more tham the maximum calculated ? 

What are the characteristics of the transistor in the inverse mode of 
operation ? "Will it provide a goin, either current or voltage? 
Diode-Transistor-Logic (DTL) circuits are shown in Fig. P 9.4; Show 
that the circuit (a) is ап OR circuit. Calculate suitable values of Rc 
and А, if a source current of 2 mA is required to be available at the 
output. Given kpg = 30. n 
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`+ 5V 


\ -6V 
(a) 
Fig. P 9.1(a) 


P 9,14 Show that the DTL circuit shown in P 9.1(b) is a NAND circuit. 
Calculate suitable values of Ro Ry and Ay if Ig = 5 mA and 


hy) 20: 
+5V +5V 
Ry Re 
R2 
-6V 


(b) 
Fig. P 9.1(b) 


P 942 A phase splitter circuit is shown in Fig. P 9.2. Show that the two out- 
puts are in opposite phase. What shculd the value be of Rg and Hg 


to make the two outputs almost equal ? 
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Fig, P9.2 


P 943 Show how the Diode D in the totem-pole output circuit in Fig. 9.18 
preverts the saturation of Z3 when Уш, = 0. Calculate the current 
through it during the time it does conduct. What are the limits on this 

3 current ? 

P 944 Draw the circuit diagram of a COMS AND circuit. 

P 9415 1f a transistor takes time to switch ‘off’ from the ‘on’ condition because 
of the stored base charge then why does it take time to switch ‘on’ from 
‘off? when there is no stored base charge condition to satisfy ? 


10 


.Shift Registers Counters and Timers 


10.0 Introducuon 

We have so far discussed the logic gates along with their truth table and 
-realisation techniques in TTL and CMOS configurations. ша digital system 
we do require memory elements, counters and timing operations to carry out 
and control various binary and arithmetic functions. A register which can store 
a binary 1 or 0 is the simplest memory element to think of. A flip-flop (bistable 
multivibrator) which can have two stable states of either 1 or 0 is onesuch register. 
We shallin this chapter describe some of the common Пір-Порв in use and 
later on show how a cascade of flip-flops forms a register. The binary bits once 
entered into the register can be shifted to the left or to the right and thus the name 
of ‘shift’ register. A combination of flip-flops car be connected as a counter 
where the state of the flip-flop is directly related to the number: of input pulses. 
Dinary or decade counters are invariably used in digital system to count the number 
of pulses-and synchronise arithmetic operations. Finally, we have discussed in 
this chapter the timing circuits where precise waveforms proportional to time can 
be generated. In particuler we shall discuss the monostable multivibrator, the 
astable multivibrator and the timer circuit. Wis) 


We observe that, the flip-flop is the basic element which is used in all the 
shift registers and the counters. The flip flop can be realised using NOR and 
NAND gates, It is basically a sequential circuit with a memory where the output 
is a function not only of the present inputs but also of the past circuit states. We 
shall first discuss the SR flip-flop (FF) followed by clocked FF, the JK, and D 
flip-flops. · 

104. SR Flip-Flop 
A flip-flop as mentioned above is a memory device and has two stable states 


which are called 1 or 0. The ‘4’ state is also called ‘Off’ or the ‘High’ (H) state 
and the *(" state is called ‘on’ or the ‘Low’ (L) state. Jt has two complementary 
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level outputs called Q and Q. Whenever Q is at the state 1. the Q is at the state 
*0' and vice versa. A simple S (Set) R (Reset) flipflop using NOR gates is shown 
än Fig. 10.4. The outputs of the NOR gates are cross coupled to the input. Now, 
. let us assume that $ is High and R is low. In a NOR gate if any of the inputs 
goes to 1, the output goes to ‘0’. Therefore we get Q = 0 and hence О = 1. 
This is also consistent with the cross connection. Thus, if the Set input is High 
the Q output is High. In other words the FF is set to High by a signal at the 5 
terminal. 

Similarly, if the Reset input is High then we can see that the Q is Low and 
QisHigh. The FF is thus reset to ‘0’, The truth table of the SR FF is shown in 
Fig. 10.1 (b). “Here Q,4, represents the state of the FF after the change has been 


R (Reset) 
Q 


S (Set) 


(a). Circuit . diagram (b) Truth table 
Fig. 10.1: SR Flip Flop 


made at the input and, therefore, Q, represents the state of the FF just before the 
event, If-both S and Д are Low, then the FF does not change state and 0. 
is the same as Q,. Тће іприі 5 = R = 1 is not used since the outputs Q and Q 
both will become‘ 0’ —a condition which is contradictory to the assumption that 
Q and 9 аге complementary. Further, if the input now changes to 5 = R= 0, 
then the output will be unpredictable. It could either he 1 or 0 with equal ease. 
In view of these difficulties the situation S = R —'1 is not used. 

To summarise the operation of the SR flip-flop, therefore, we can say that 
the state of the FF does not change if 5 = R = 0, The FF is ‘Set’ to High if 
S = 1 and R = 0-and conversely, it is ‘reset’ to Low it. = 0 and R = 1.The 
FF retains its state unless it is either Set or Reset again, ‘Thus it behaves like a 
memory element storing one bit. of data. 


10.11 NAND Gares х SR Fuir-Frors ; 
An SR flip-flop using NAND gates is shown in Fig. 10.2 (a). Here also when 
5 = 0, R = 1 the FF is reset to Low. Similarly, when S =: 4, R = 0, the FF is 
set to ‘High’. We should remember that in a NAND gate if any of the inputs 
goes to Low, the output of the gate becomes High: In other words the gate is 
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‘disabled’ when any of the inputs is‘0’. It is ‘enabled’ when both the inputs are 


1. The FF does not change state when 5 = R = 1 and becomes indeterminate 
and inconsistent when S = R = 0. ; : 
R 
Qa 


(a) Circult diagram 


vt 
p 


(c) Redefined terminals” (d) Truth table ' 
i 


Fig. 10.2 SR Flip Flop using NAND, gates 


Looking at the truth table in Fig. 10.2 (b) we notice that it is not at all 
consistent with the truth table of FF given in Fig. 10.1 (b). If we choose to define 
the operation of an SR flip-flop iu the manner of Fig. 10.1 (b) as correct then 
the condition S = R = 1 is unusable. In the SR flip-flop of Fig. 10.2 (a) the 
condition S = R = 0 is unusable. In order to make the terminology consistent 
the terminals of the NAND flip-flop are redesignated as shown in Fig. 10.2 (c). 
The truth table of this FF is given in Fig. 10.2 (d). Whenever S = 1 and R = 0 
the FF is reset and when § = 0, R = 1 the FF із ‘sot’ to 1. | 

Now, if we imagine two fictitions inputs S and . whose complements аге 
@ and F respectively then, whenever $ = 0, R = 1 (S = 1, R = 0) the FF is reset 
to 0. Similarly when 5 = 1 R = 0 (5 = 0, R= 1) the FF is set to 4. This 
condition is the same as given in Fig. 10.1 (b) and 10.2 (b). The differeuce now, 
however, is that whenever the fictitious inputs S = R = 1 (S = R'— 0) the flip- 
flop states are unusable. This is again consistent with. our earlier definition of the 
FF. The truth table will therefore, be as given in Table 104. 
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Table 10.1. Truth Table of SR Flip Flop 


Ий ӨН! seniosec ops b se Ty ce LUN Шр чы ыш t 
Йй В. | 5, Qs, Qua 
0 uem du. | 
0 4 1 | 
fa n = ? 1 р 0 
1 1 0 0 P dif 'Not Used | 


We have definod a consistent universel truth table of SR Flip-Flop with 
Table 10.1. Depending upon the logie gates used the terminals will be redesignated 
The terminals and the symbols of the flip-flops are shown in Fig. 10.3(a) and (b) 
The truth table of Table 10.1 is applicable in each case. 


S Q 5 a 
R a R a 
Fig, 10.3 Symbols of a Flip Flop 


10.1.2 CrookEDp Еїлр-Етор 

The SR flip flop, discussed in the earlier section, changes state whenever 
the Set/Reset inputs change. The assumption has been made that whenever S = 0, 
R = 1, the О output is reset to Low level, and if S = 1, R = 0, then the FF is set 
to a High level... If, on the other hand, S = 0, В = then the FF does not change 
state. In a large system where this flip-flop is going to be used, the sequence of 
arrival of S and R inputs cannot he ensured and: the FF may end up in a wrong 
state. It may produce erroneous signals at the output. A very neat solution is 
to clock the flip-flop with an external signal in such a way that the FF becomes 
active for a very short, period. Once the logic levels at the input of the FF have 
assumed steady values, the clock enables the Set/Reset input to be connected to 
the flip-flop. A clocked flip-flop is shown in Fig. 10.4. 


R 


S 
Fig. 10.4. Clocked Flip-Flop 
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„As long as C = 0, the output of the two AND circuits are going to be 0. 
The state of the FF will remain unchanged since 5' = А’ =0, Now with € = 1, 
the two AND gates are enabled and if S = 0, R = 1, then $' = 0, R'— 1 and the 
FF is reset to 0, On the other hand;if.S = 1, R = 0, then $' — 4, R'— Ü and 
the FF isset to 1. The transition of the FF will thus take place when C changes 
from 0 to 4 and the FF will set, reset or remain unchanged depending upon the 
S and R inputs. í k 


A docked flip-flop circuit using NAND gates is shown in Fig. 10.5 (a). 
Here again when C—0 the Nand gates are disabled and =R = 1 maintaining the 
state at Q,. Once C = 1, the gates are enabled and the output sets or resets 
depending upon the logic level of S and R. The truth table of a elocked flip-flop 
isgivenin Fig. 10.5 (b). The arrow on the rising edge of the clock pulse indicates 
the instant of the transition. 


(al Circuit diagram 


(b) Truth table— 


Fig, 10.5 Clocked SR FF using NAND gates 


As long as the clock is at the High level the S/R inputs are enabled and 
connected to the FF. Thus any change in S and R subsequent to the clock 
transition are coupled to the output of the flip-flop. This is one of the serious 
draw-backs of the clocked FF of Fig. 10,4 and 10,5, If the width of the clock 
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pulse is now made very narrow, then the gates will be enabled for a very short, 
period and some of the problems of erroneous operation of the FF will be reduced. 
Thus, it is required that the clock pulses be very narrow in the FF of Fig. 10.4 
and 40.5. Such a requirement will mean that the pulse duration be smaller than 
the propagation delay of the FF. For example any signal at the input of the FF 
takes some finite time to travel to the output circuit, In a TTL circuit this delay 
may be typically of the order of 20 nsecs. The positive going transition of C 
changing from 0 to 1 will thus take 20 nsecs to reach the output terminal. The 
gates must be disabled by the time the signal reaches the output in order to avoid 
any false triggering or changes at the $/R inputs which occur late". Such narrow 
pulses are difhcult to produce and manage and, therefore, making the trigger 
pulses very narrow inay not, work well. 


We come to the conclusion that even such a requirement that the S/R inputs 
should only change when the clock input is high may not be practicable with the 
simple arrangements. of the clocked flip-flop described above. In fact, the Master- 
slave arrangement described later, is used to remove the difficult requirement of 
extremely narrow pulses, 


The clock transition’ which we have assumed so far is a positive going 
transition and the gates are enabled when the clock goes High. Though there 
is nothing wrong in this mode of operation, it is more convenient to work in the 
other mode. Here, normally, the clock is High and the gates are enabled. At 
. the desired transition the clock goes Low from High and disables the gates. The 
operation of the FF takes place at the negative transition of the clock pulse. As 
we shall see later, this mode of operation is preferred. 


10.1.3 J. K. Fure-Fiors 


In the SR flip-flops discussed above, the output of the FF is governed solely 
by the S and R inputs. However, we can arrange the input circuit in such a fashion 
that the output is governed not only by the S and R inputs but also by the state 
of the FF. Such a connection is shown in Fig. 10.6 (a) and is called the JK flip-flop. 


The outputs Q and Q are connected back to the input gates in a cross 
coupled fashion. Thus, the input to the stearing gate A is J (S), clock and the Q 
output and to the other gate B is K (R), clock and Q output. The truth table of 
the JK flip-flop is shown in Fig. 10.6 (b). When the C is 1 the NAND gates A 
and В are disabled, since one of the inputs of the gate is 0. The § = R = 1 and 
the Q outputs are undisturbed. Nowy, let us assume that О = 1 and Q = 0 and 
that = К == 1. Once the clock С goes to 0 the gates A and В are enabled. Since 
Q = 0 the output of the gate A is 1 and the output of the gate Bis 0. This means 
that 8 = 1 and R = 0 and the FF changes state making Q = 0 and Q = 4. If 
we had assumed that 0. = 0 and Q = 1 initially, then § = 0 and R = 1 when the 
clock changes from 1 to 0. The output of the FF will become О = 4, Q=0. 
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Thus every time the clock changes from 1 to 0 the state of the flip-flop changes 
irrespective of its previous state. The FF is said to Toggle when J = K = 1. 


(a) Circuit diagram (b) raa talis un 
Fig. 10.6 JK Flip-Flop 


We have assumed here thal the FF toggles when the clock transition is from 
4 to 0 but we could have assumed operation with positive transition of C with 
equal ease. We can easily, verify the other entries of the truth table. For instance 
if J = K = 0, the FF cannot change state since S = R = 1 all the time and 
Qui = Qa: If J = Oand К = 4, then, with С changing to 0, the Q will become 
0, Similarly when J = 1, K = 0, the Q output will change to 1, if it was not already 
1, after the clock is applied. 


"phe difficulty of requiring a very narrow trigger pulse to avoid any false 
triggering is still present in the circuit of Fig. 10.6. The Master—Slave flip-flop 
to be described next takes care of this problem. 


10.1.4 Masrer-Suave ЁтлР-ЁтоР 


We have seen in the flip-flop of Fig. 10.6 that after the clock C goes to 0 and 
the transition has taken place the gates A and B are still enabled and any subsequent 
changes at J and K will be passed on to the outputs. To overcome this difficulty 
we use two clocked flip-flops in tandem called the Master and the Slave. We 
arrange them in such a fashion that the input data is entered into the Master 
flip-flop and transferred to Slave flip-flop subsequently on the negative edge of 
the clock. At this time the Master FF is disabled. The circuit diagram of ^ 
simple Master-Slaye FF is shown in Fig. 10.7. 

The clocks to the Master and Slave flip-flops are complementary to each 

. other, When Cis 4, the С == 0. The Master flip-flop consisting of 2A and 2B 
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Master . ; Slave 


Fig. 10.7 Circuit diagram of a Master Slave Flip-Flop 


gates has 1A and 1B as the stearing gates. Similarly the Slave flip-flop has 3A 
and 3B as the stearing gate and 4A and 4B form the flip flop. The output of the 
Master is connected directly to the Slave FF. Now if C = 4 the gates 1A and 1B 
are enabled and the gates 3A and 3B are disabled. The Slave FF is not effected 
by any change in the output of the Master FF. The output Qj, will be decided 
by the S/R inputs. Thus, if S = 1, R = 0, then Qy = 1, Qu =0. Similarly, if 
‚8 =0,R = 1, then Qu —0, Qu = 1. Ox, remains unchanged if 5 = R = 0. 


When the clock transits from 4 to 0, the gates 3A and 3B are enabled but the 
Master FF is disabled. Qj, and Qj, are frozen and do not depend any more on 
S/R inputs. If Qy = 4, the final output Q of the Slave FF will be 4 since the 
output of the gate ЗА is 0, Similarly it can be shown that the Slave FF will have 
the same truth table as that given in Table 40.1. 


The main advantage of this arrangement is that the data at the inputs is 
entered into the FF when the clock is 1 and is transferred to the output FF when 
the clock goes.to 0. In the meantime the input FF is. disabled and, thus, there 
is no chance of a false triggering. With such an arrangement it is not necessary 
to have a very narrow clock pulse. We are also in the happier position of obtaining 
an output when the input control is changing from an enable to a disable operation 
thereby making the circuit trouble free. 


Two terminals marked 9, and Rp are also shown in Fig. 10.7. These are 
direct Set and Reset inputs of the FF and they override all other input and clock 
conditions. Thus, when §, = 0 and Rp = 1, the FF sets to 1 and when 8р = 1, 
Rp = 0, the FF resets to 0 irrespective of anything else. Normally these terminals 
are kept at 1 and are used to Set or Reset the FF directly as desired. 
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10.1.5 J. К. MasrER-BLAVE Frre-FLoPs 


Tho JK flip-flop of Fig. 10.6 can be constructed using the Master-Slave 
principle described above. The Q and Q of Fig. 10.7 are cross connected to the 
input gates 1A and 1B in order to make it a trigger or a JK FF. A practical JK 
Master-Slave FF is shown in Fig. 10.8. Whenever the clock is High the AND 
gates of the ‘Master’ are enabled but the OR stearing gates of the Slave are 
disabled. ^ The clock transition to 0 disables the AND and enables the OR gates. 
The truth table of the FF is the same as that given in Fig. 10.6 (b). The symbol 
and the truth tables for the flip-flop are shown in Fig. 10.8 (b), (с) and (d). 


When the clock is 4 the gates 1A and 1B are enabled. The ‘Master’ FF of 
2A and 2B assumes the state selected by the stearing gates, For example, if 
J =К =1 and Q =1 then X = 0 and X —4. This will make Qy — 1 
and бу = 0. The gates ЗА and ЗВ are disabled when C — 1. As soon as the 
clock makes the transition to 0, the gates 1A and 1B are disabled and 3A and 
3B are enabled, Hence Y — 0 and Ӯ = 1. The ‘Slave’ FF is therefore changed 
to Q =0,Q@ = 1. A toggling or a change of state will occur as longas J=K=1 
and clock transits from 1 to 0. Similarly if J = 4,K =OandQ = 0 then, with 
C =1 we will have X =1, = 0 and Qy = 0, Ом == 1. Now as С goes to 
0, we will get Y — 1 and Y = 0 making Q = 1 as required from the truth table. 
We can verify in a similar fashion the other two entries in the truth table. This 
table describes the Synchronous operation of the FF. The truth table in Fig. 
10.8 (d) describes the Asynchronous operation when the direct Preset and Clear 
inputs override the clock and the JK inputs. Normally Sp and Rp are kept High. 
Once R, goes to 0 the Q output is 0. Similarly if Sp goes to 0, the Q output is set 
to 1. 


(a) Circuit diagram 
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(b) Symbol (с) Truth table 


Asynchronous. ' 


not used 


pepe 
SALLY Ls COT SR pod 
[ү ао |. | 


(d) Preset and clear 


Fig. 10.8 JK Flip-Flop 


The actual JK Master-Slave flip-flop circuit may be slightly more complicated 
than tha one shown in Fig. 10.8 (a) particularly in respect of the Preset and Clear 
operation: The JK FF is the most versatile and popular flip-flop and is use! 
extensively. Another flip-flop circuit which is quite in use for producing a delay 
is the D oon described below. 


10.1.6 D FEuie-FroPs 


D flip-flops are used in shift register elc, when it is desired to delay the digital 
signal by one clock period. ‘The operation of this flip-flop can be explained as 
follows. Consider the JK (SR) flip-flop shown in Fig. 10.9 (a) where the input 
lata signal is connected (0 J and the inverse of the signal to К. If D = 0 then 
J= 0, K= 1 and al the negative transition of the clock Q = 0, @ 1. When 
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à а 
a a 
(a) Circuit arrangement. (b). Symbol 

Fig. 10,9 D Flip-Flop 


input data 


D = 1 we have J = 1, К = 10 and, therefore, Q = 1 if the negative clock 
transition takes place. Since all the capabilities of the JK FF are not utilised in 
working as a D type, a seperate D type FF is also made in J€ circuits and its 
symbol is shown in Fig. 10.9 (b). The difference of operation of a JK and a D 
flip-flop can be explained with the help of the diagram in Fig. 10.10. 


DFF 
Output 


JK FF 

Output 

(data to J 
with k=1) 


Fig. 10.10 Timing waveforms of D and J.K. flip flops | 


The D FF output is delayed by one bit as seen. At the 5th pulse the JK 
FF, however, toggles again and the waveform produced is entirely different. As 
we know the JK FF accepts the data when the clock is High and’ changes state 
when the clock goes Low. Whenever J becomes 1 the FF toggles since K = 
The D Flip-flop has been shown-to operate on the negative transition of the clock 
butit would operate equally well on the positive edge if so designed. Special purpose 
D FF may be constructed directly without taking recourse to a JK construction. 
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10.2 Shift Registers 


A.register is a logical block in a digital system which can store the binary 
signal for one clock. period. Registers are used extensively in arithmetic 
operalions, counters and other digital systems to store binary data temporarily. 
We have Seen above that a flip-flop can store one bit of data by assuming either 
a1oraÜ state. The simple single FF, therefore, is a one bit register. If a larger 
number of bits, say JV, have to be stored then JV flip-flops are required. The array 
of flip-flops with a number of bits stored in them will be a N bit register. Sonse- 
times it is required to shift the bits from one flip-flop to another. A register where 
the bits can be shifted on command is called a Shift register. A shift register may 
have provisions to (i) enter data serially, parallely or both and (ii) shift the data 
to the right or to the left. 


10.2.1 SxR1AL Sarr REGISTER 


In a serial shift registér the data are entered one bit at a time serially. The 
previous bit is shifted and stored in the next Jocation. A block diagram of a 4 
bit shift register is shown in Fig. 10,11 (a). While VK flip-flops have been used 
for illustration, D flip-flops could also have been used. The input А is connected 
to J and A is connected to K. The output of the first FF and all the subsequent 
FFs are connected to their next stages as shown. Fig. 10.11 (b) shows a timing 
diagram and the waveforms at the input and all the outputs. Notice the shift 
of the bits in the Flip-Flops. The first FF behaves like a D flip-flop and since Q 
and Q inputs to the next FF are complementary the other flip-flops also are like 
the D FF. Fig. 10.11 (c) shows a shift register using actually the D FFs only. 
Negative transition clock has been shown for convenience. 


The data (о be entered into the shift register is say 110100 1. Let 
us assume that all the FFs are reset to zero, At the end of the first clock the bit 


(8) Four bit shift register using JK FF 
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clock 


Qi 


04 


' (b) Waveforms at 0,,02,03 and Q, 


(c) Four bit shift register 


Fig, 10.11. Four. bit shift Register 
44 (45—73/1983) | 
\ 
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4 will be entered in the FF1. With the arrival of the second clock transition the 
bit 1 in FF1 is transferred or shifted to FF2 and the input bit 1 is stored into FF2. 
After the third pulse the output 1 of FF2 is transferred to FF3, content of FF3 is 
shifted to FF4 and input bit 0 is stored in FF1. The timing diagram of pulse by 
pulse operation is shown in Fig. 10,12. The bits will go out from the shift register 
at О,. The first output at Q, will only appear at the start of the 4th pulse. It 
should be remembered that the shift occurs at clock times only. The data could 
also be entered directly as in the parallel shift register to be described next, 
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Fig. 10.12 Timing diagram of a 4 bit Shift Register 


10.2.2 PARALLEL Sarr REGISTER 


The data can be entered into the shift register directly by using the Direct 
asynchronous inpuls of the flip-flops. As we have seen in Fig. 10.8 (d), the Sp 
and Rp inputs can be used 10 enter any desired bit into the FF and hence the shift 
register can he loaded parallely in one operation, The parallel loading is naturally 
much faster than the serial loading because in the latter case the bits are entered 
one by one. The parallel shift registers can be used for conversion of data from 
parallel to serial form, As an example, the data, say 8 bit, may be loaded into the 
shift register in the parallel form and then the shift operation is performed to 
drive out the stored data in the serial fashion. The converse operation of loading - 
serially and then reading out all the pits in the parallel form can be performed by 
the serial shift register if the individual FF outputs are available. Normally 
the universal shift registers have provisions for entering data serially and also 
parellely and then shifting them to the right or to the left. The left-shift shift- 
register will not be described here. 


10.3 Counters 


In digital systems possibly the most widely used block is a counter, The 
vounter, as the name suggests, counts the number of discrete events and with the 
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-help-of-proper decoder and display unit indicates the count, If clock pulses of 


known frequency are counted hen the counter can measure time and, thus, can 
be used to measure frequency and time perioa. A seunter uses flip-flops inter- 
connected in such a fashion that for every cycle of the input wavetoru: the state of 
the flip-flops advances by one step. Since a flip-flop has two states, an array of 
N flip-flops will have 9N states. However, after starting from an initial state of 
the FFs the counter may return to the same state after K input pulses where 
К < 2". Such a counter is known as base-K counter or modulo-K counter. 
Counters may be made to count to any base desired as long as the number N of 
FF is such as to have K < 2”. j 

Counters are either asynchronous or synchronous in operation. In the 
asynchronous counler, also called the ripple counter, the common clock is not 
applied to all the flip-flops. In contrast, the synchronous counter works with a 
common clock to all the flip-flops. Such a connection is necessary when we want 
a high speed counter. We shall describe here a ripple counter of 4 and 16, 
followed by a counter of 3 and 5 and finally a decade counter (count of 10. We 
shall also briefly describe a synchronous counter. i 


10.3.1. Count or 4 AND 16 COUNTERS ОЙДЕ 

An asynchronous or ripple counter consisting of 2 flip-flops is shown in 
Fig. 10.13 (a). The JK inputs of both the FFs.are returned to High thus ensuring 
that the flip-flop will toggle every time the clock input of the FF changes from 
4 to 0. The clock of the second FF is connected to the Qj. Let us assume that 
the FFs have been reset so that the initial state of the counter is 00, When the 
input clock transition takes place,the FF1 will toggle. The timing waveforms 
are shown in Fig. 10.13 (b). О, changes state from 0 to 4 and Q2 will remain 
undisturbed. -At the second clock transition FF4 will toggle again and Q, will 
go to 0. Thus, the clock of FF2 will make a negative transition and it will toggle 
making Q, = 1. Third ciock will toggle the FF4 only and the fourth clock will 
toggle ГЕ and FF2 both as shown. We obtain one pulse for every four pulses 
of the input clock. The Q, is, thus, a divide by 4 output and the counter is said 


to have counted by 4. 


high high 


(a) , Block diagram 
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' (b) Timing waveform ` 
Fig. 10.13 Count of 4 Ripple counter 
The module-4 counter described above can be simply extended to a modulo-16 


counter shown in Fig. 10.14 (а). The timing waveform is shown in Fig. 10.14 (b). 
We shall assume that the initial state of the counter consisting of 4 FFs is 0000. 


(a) Block diagram 
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I 
| all FFs are 
at. zero state 
(b) Timing waveform 


Fig. 10.14 Modulo-16 Counter 
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The count. proceeds after the clock pulses are applied at the input. At the end 
of 16 pulses, the counter state is again 0000. We see that each FF is a count of 
2 circuit and 4 such circuits are in series to give a count of 46. We shall next 
describe mod-3 and mod-5 counters before taking up the special case of modulo-10 
counter. 


10.3.2 MOoDULO-3 AND 5 COUNTERS s 

There are many methods of making a modulo-3 or 5 counter. We shall 
first describe here the modulo-3 counter whose block diagram is shown in Fig. 
10.15 (a). The Q, is connected back to J, and Q; is connected to J, in the two 
flip-flop-circuit, shown. 3 

Let us assume that the state of the FFs is 00. Since Q, = 1 = J, the FF, 
will toggle at 1st clock pulse transition. Now since Q, = J, — 1, both the FFt 
and FF2 will toggle at the second clock pulse. The FF2 will toggle again at the 
instant of the 3rd clock pulse. The FFs are again 00 at the end of the three clock 
pulses 


Input, clock 


(a) Block diagram 


(b) Timing waveform 


Fig. 10.15 Module-3 Counter . 
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The module-5 counter shown in Fig. 10.16 (a) is slightly more complicated, 
Since a decade counter normally uses a count of 2 and a count of 5, modulo-5 
counter is widely used. The two flip-flops FF1 and FF2 are clocked directly by 
the input clock and the clock of FF2 is connected to the Q,. Ja is connected to 
the AND output of О, and Q,. Every time Q, changes from 1 to 0 the FF2 will 
toggle, Let us assume that Q,, Q, and Q, are in the state 000. Referring to 
Fig. 10.16 (b) at clock £, FF4 will toggle because Q = J, = 1. At clock ¢ both 
FF1 and FF2 will toggle’ making Q, = 0 and Q, —1. At clock t, ЕЁ! will 
once again toggle and Q, = 1 but Q, and О; are unaffected. At the next clock 
FF2 and FFí will toggle again making О, = Q, = 0. Since prior to the 
triggering instant we had Q, = Q, = 1. we will get J; = 1 and hence at clock 


t, БЕЗ will also toggle making Q, = 1. Hence Qs = 0 =J;  At'clock ts 


(a) Block dlagram 


(b) Timing waveform 
Fig. 10.16 Module-5 counter 
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we will have J, = 0 and the FF3 will change state to Qa = 0, since Ja = 0, Кз = 1. 
and ЕЁ! and FF2 unchanged with Q, = Q, = 0. Thus at the end of the 5th 
clock transition the state of the FF will be 000, the starting state. The output 
of Qs will be a count or divide by 5 of the input clock waveform. 


10.3.3 DECADE COUNTER t ў 

A counter which counts to the base of 10 is known as a decade counter. 
Such counters are extremely useful because they help us count in the decimal 
system. A decoder at the output of this counter indicates the count'in the usual 
decimal number system. The number of flip-flops required in this counter will 
be 4 since 2* > 10. Many techniques have be»n used to terminate the count at 
the end of the 10th pulse in a usual binary counter in order to make it a decade 
counter. We shall describe here two methods of making a decade counter. In 
one technique the mod-2 counter in series with a mod-5 counter is used to produce 
а 1100-10 counter. In the other technique a 4 stage binary counter is modified 
by using feed-back to get a mod-10 counter. 

The block diagram of a decade counter is shown in Fig. 1047. The FF1 
is the mod-2 counter whose output is connected to the mod-5 counter consisting 
of FF2, FF3 and FF4 described in Fig. 10.16. The timing waveform is shown 


Fig. 10.17 Decade counter using a count of 2 and a count of 5 


in Fig. 10.18. It is seen that Q, is count by 10 output of the "clock" input. The 
timing diagram is self explanatory and should be seen in conjunction with Fig. 10.16. 


In the other technique all the four flip-flops are connected as a ripple counter 
as shown in Fig. 10.19 (a) and the feedback connection is decided in the following 
way. We write down the binary states of the flip-flops as the count starts from 
the state 0000 and goes upto 9. The various states are shown in Fig, 40.49 (b). 
We look at the state of the counter after the 9th pulse and connect the output of 
all the flip-flops whose О is 1 to а NAND gate. ` We also connect the input clock 
to this NAND gate. The output of the NAND gate is connected to the ‘preset’ 
of all the flip-flops whose Q was 0. All the FFs are Master-Slave JK and they 
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Fig. 10.18 Timing waveform of the decade counter 


toggle at the negative edge of the clock pulse. Immediately at the end of the 
9th pulse when the clock goes high again, all the three inputs of the NAND gate 
are 1. The timing diagram is shown in Fig. 10.20. The presets of the FF2 and 
FF3 go to 0 and these two FFs are forcefully set to 1 as shown in the diagram. 


All the FFs are, thus set at 1. At the negative edge of the tenth pulse, the 
FF1 will toggle and go to 0, and, hence, all the FFs will toggle in succession and 
output gate will be all 0 again. The output at Q4 will be a divided by 10 output 
of the clock signal. 


». 
The technique of deriving the feedback signal and setting up the required 
flip-flops is a very general technique and can be used for making any mod-K 


input clock 
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(b) Decade counter 


Hig, 10,19. Decade Counter 
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Fig. 10.20 Timing waveform of a decade counter 


counter. We must ensure that 2% >K where N is the number of flip-flops 
required. The feedback is decided by looking at the (K +1) state of the counter. 


10.3.4 SYNCHRONOUS ÜOUNTERS 

A synchronous counter is an arrangement of flip-flops and gates connected 
in such a way that all the flip-flops are clocked simultaneously. Such a procedure 
eliminates the cumulative delays produced in the ripple counters and allows the 
counters to work at higher speed.. The circuit, arrangement of a synchronous 
counter is more complex. We shall describe here one synchronous parallel binary 
counter briefly. : 

45 (43—73/1983) 
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A four stage binary counter is shown in Fig. 10,21. Instead of the output 
of one stage rippling through the succeeding stages as in Fig. 10.14 (a), the output 
of a FF is applied to the input of all succeeding stages. The clocks are all common. 
The timing waveform will be the same as that of the counter in Fig. 10.14 (b). 
FF1 will toggle at each clock pulse. The AND gates are only enabled when 
the Q, 0,0, ог Q,0,Qs are high. ¿Whenever that happens the next FF will 
toggle at the clock transition. 


Fig. 10,21- 4 bit synchronous parallel counter 


Decade or other modulo-k counters.can also be made using the synchronous 
parallel counters. ` . 


10.4 Timers 


We have so far discussed a flip-flop’ circuit which has basically two stable 
states. This circuit is also called a bistable multivibretor. The circuit remains 
in either of its stable states permanently unless an outside trigger changes its 
state to the other stable position. The SR flip-flop and all its variations of JK, 
trigger and D flip-flops ere, thus bistable. We can visualise a situation where the 
states are not necessarily stable and once switched ‘ON’ the circuits’ states are time 
dependent. Letus explain, We сар imagine a multivibrator which, when triggered, 
goes to a quasi-stable state and comes back to the original Stable state after some 
time but on its own accord. The time for which the circuit stays in the quasi- 
stable state can be controlled but the system will inevitably return back to the stable 
position without any outside help. "The circuit has, thus, only one stable position 
and is called the Monostable multivibrator. It could also happen that the circuit 
has no stable states but only two quasi-stable states. The circuit cannot remain 
in any of the states for ever and switches back and forth between the two states. 
Such a circuit is known as the Astable multivibrator. 

Since the operation of both monostable and astable multivibrators are time 
dependent they have been grouped under the title of timers here. The monostable 
multivibrator has been given different names beoause of its action. For instance, 


d 
) 
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the circuit returns back to its original state after a certain time 7, and therefore 
it is called a ‘one shot’ multivibrator. , Since for the time 7, it also generates a 
rectangular pulse of the same duration, it is called the ‘gating’ circuit. The gate 
time can be controlled, by changing the passive component values. Similarly 
itis also called a ‘delay’ circuit because it generates a fast trigger pulse at the output, 
T seconds after the input trigger.: The astable multivibrator on the other hand 
generates a square wave at its output, and behayes like an oscillator. The astable 
multivibrator does not, require any trigger input for its operation, The frequency 
of oscillation of this multivibrator can again be changed by adjusting voltage or 
passive component values like R. and С. 


10.4.1 MoxosTABLE MULTIVIBRATOR у 

The monostable multivibrator has two states of which one is stable and the 
other is quasi-stable. When a trigger is applied to the input, the circuit, switches 
to the quasi-stable state and remains there for a timc duration of T seconds. It 
then switches back to the original stable state on its own without any external 
trigger. A simplified block diagram of a monostable multivibrator is shown in 
Fig. 10.22. It, consists of an SR flip-flop, a comparator, an RC charging circuit 
and a switch T, across the capacitor C. . | j| 


irigger Qd 
Mec [| " | PARES 


ref. 
voltage 


Fig. 10.22 Schematic diagram of a monostable multivibrator 


A comparator is a device which provides a fixed d+c voltage, say, Vo if the 
input signal is larger than a reference voltage Уд. lf the input is smaller than the 
reference voltage, then the output of the. comparator is the other fixed level, say, 
zero volts, ‘Thus, if Vin 7 Va then the output is V, and if Vis < V4 then the 
output is zero. The output voltages of the comparator may be any two fixed 
d-e voltages, though. the assumption of Vo and 0 volts is simpler. Since the 
comparators are vory often used with logical gates and flip-flops, the levels of 5 
nnd 0 volls are used in TTL circuifs. - 


m. 
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Coming. ud to the circuit of Fig. 10.22 the stable state of the circuit is 
Q = 0 and @ = 1. Since Q is connected to the base of the transistor switch, 
the transtor 7, mid and is in saturation. The collector voltage of 7, is thus 
fixed to about 0.2 to 0.3V. Thé entire current f will therefore flow йен R 
and the transistor. The capacitor is virtually short circuited. One end of the 
comparator is connected to this junction. Certain d-c reference voltage is 
connected to the other input of the comparator. This reference voltage is the 
voltage Vp we described above. Hence, only when the input P exceeds Vz, will 
the output of the comparator be high; "The positive and negative signs at the 
input of the comparator indicate that when the voltage at the positive lead is higher 
than that at the negative lead, the output of the comparator is high or 5V. Itis 
otherwise low or 0 volts. Since both S = R — 0 the state of the flip-flop remains 
unchanged. 

Now, when the trigger signal is applied, the S input goes to 1 (R = 0) and 
the FF is set 0 —.1, 9 = 0. Moment Q goes to zero, the transistor 7, becomes 
open circuit and the capacitor starts charging to Vog through the resistance R. 
The charging of the capacitor is thus exponential with a time constent of RC. 
The voltage at P starts rising and after a certain time 7 it will exceed the reference 
voltage (V4). The comparator will switch to High and R = 1 (S = 0). The 
flip-flop will reset again to Q = 1, Q = 0. The capacitor discharges through 
the transistor 7,. The timing waveforms are shown in Fig. 10.23. The charging 
of the capacitor is shown in the waveform at P. Moment the voltage at P crosses 
У р the reset goes to 1, The reset will remain at 1 as long as the voltage at P does 
not go below the V (by the dischargé of the capacitor C through 7). The width 
la of the reset duration may be quite narrow. Once initialed the timing interval 
will complete even if retriggering occurs during the timing interval. 


i trigger (S) [1 
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; Fig. 10.23. Timing. waveforms of the monostable multivibrator 
In an actual circuit using NE 555 timer, the reference voltage is also derived 


‘from the Уш, and is set at 5 Vce There is a comparator in the trigger circuit 
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also and the 0-с. voltage or the reference voltage for that comparator. js Vool 
Since the charging circuit voltage and the reference voltages are both derived from 
Voc: the timing interval generated is independent of the Vog voltage: variations. 
The pulse width 7 is normally given by T — 4.1 RC. Applying a negative going 
trigger to the trigger terminals initiates the. process. 


10.4.2. AsTABLE MULTIVIBRATOR 


An astable multivibrator does not haye any of ils states stable. Both slates 
are quasi-stable and the circuit oscillates between the states without апу trigger 
from outside. A timer circuit which will produce astable operation is shown in 
Fig. 10.2.4. There are two reference voltages Vj and. Ул (= Vg) and two 
comparators CP4 and CP2. Three resistances each’ of value R, are connected 
across Vog and provide the V and Vp voltages. Obviously Vj = 20/9 and 


Fig. 10.24. Block diagram of an astable Multivibrator 


are used in series (о charge the capacitor 


Ур = Voci) Two resistances 4 and Ар 
the transistor 


C from Vog and Hj is used for discharging C through ` 
switch 74. 


Let us see how the astable multivibrator made from this timer circuit operates. 
Let us assume, rather randomly, that.Q 0 and Gt: The switeh T, will be a 
short circuit and the current will only flow through Ra. If the capacitor was 
uncharged, the voltage af P will he small.oc zero... C2 will have its positive input 
higher than the negative input and, therefore, the output will be high making 5 
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high. This in turn will set the FF and @ = 4, Q — 0. Once Q = 0, 7, will 
open and the capacitor C will charge through R4 + Hg. When the voltage at 
P crosses V;, we will have CP2 going low and hence'S = 0. Since Ris also 0 the 
FF will remain in its previous state of Q = 1; Q = 0. C continues charging and 
as soon as the voltage at P exceeds Vp we will have CP1 going high. This will 
make R = 1, S = 0 and FF will reset to О = 0, Q = 1. T, again closes and the 
capacitor starts discharging through Rp and 7, CP1 immediately goes low 
maintaining 5 = 0, R= 0. Опсе the capacitor has discharged to Vp the 
comparator CP2 will go high making S = 1 and sotting the FF toQ = 1, Q = 0 
- The waveform is shown in Fig. 10,25. The output alternately goes high and low. 
The capacitor charges and discharges between Vp and Vm, the two reference 
voltages derived from Voo. Steady state conditions only are shown in the 
figure, 


Fig. 10.25 Timing waveforms of the astable multivibrator 


If Vg.— 2/3.Vog aud Vp = 1/3.Vog then we can calculate the time it will 
take the capacitor to charge from Vp to Vz. The time constant is (R4 t+ Ra) С 
and the final voltage to which the capacitor is charging is Voo. Thus at f, the 
voltage across the capacitor is Vp = 1/З.У and 


1 ; 
mt Voc = Veo (1— exp [— t,/(R4 + Ra) С] 


At t = t, the voltage reaches Vg апа hence 


a Voo = Voc (1 — exp [— ty/(Ra + Rpa) C] 


aaa ee 


ee ee E E NE s 
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Solving exp [ üü e т ЛЕЛЕ] Т. 
апа ехр [ (Ry те pe 


The time for which the output remains high is called. fe hence taking natural 
log of both sides and subtracting we get 


fy — £m dg = 0.008 (Ra + Ap) С (10.4.1) 


Similarly the time the output is at the low value is called żz and can be similarly . 
calculated. | 


Thus t, = 0.603 Ry. С To eHow (10.4.2) 
The period of oscillation is given as the sum of £g and tis | Therefore 
уут че : | 
or T.—.0608 (Ra + 2Rp) C. s 0043) 
We can also write the frequency of oscillation as Y y 
1 ; 1.44 ! 
I= T T Qu 2 Rp € 


We see that the frequency of oscillation is dependent. on Ra, Rg and C. The duty 
cycle D is given as 


` (10.4.4) 


Hp 


D LB ] 
На + 285 ol (10.4.5) 


where the duty cycle is the ratio of £;/7'. 
Review Questions 


10.4 What is the essential difference between the SR flip-flop using NAND 

and NOR gates? How is the truth io made universal? Give the 
` truth table. ў 

10.2 Why do we require a narrow trigger pulse to trigger the SR flip-flop ? 

103  Whatis a JK FF? What is its truth. table ? 

10.4 . What is the necessity for the. M aster-Slave technique of. flip-flops ? 

10.5 Why is the negative edge triggered system preferred ? 

40.6 What is the difference between synchronous and asynchronous operation 
of a Master-slave JK FF? 

10.7 What for is the asynchronous operation used ? 
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108  Whatis a D FF? 

109 How is the serial shift register loaded ? 

1040 How is the parallel shift register loaded ? 

1041 Distinguish between a ripple-counter ind a synchronous counter. 

10.42 How do you divide an input signal frequency by ten ? 

10.13 What are astable and monostable multivibrators ? 

1044 Can a timer NE 555 generate square wave of 1 KHz frequency ? 

10.45 What is a comparator ? 

10.16 Сап a pulse be delayed by an arbitrary amount by a one-shot multivibrator ? 

Problems 

P104 Draw the circuit diagram of a JK FF using NOR gates only, 

P 102 Draw the circuit diagram of a JK Master-slave FF using (i), NAND 
gates and (ii) NOR gates only. 

P 10.3 Ifthe propagation delay in each gate of the flip-flopsis 5 nsecs, calculate 
the propagation delay of the Master-Slave JK FF of Fig. 10.8. 

P 10.4 Ina eight bit serial shift register, the sixth bit from the left has been 
entered wrongly. Can this bit be corrected ? Explain how. ў 

P105 Two JK flip-flops сап be connected in various configurations as shown 


in Fig. P 10. 4. Draw the output waveforms in each case. 


(b) 


4 
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(с) 


(4) 
Fig. Р10.1 


P 10.6 Draw the circuit of a divide by 5 counter using the feedback principle ? 

P 10.7 Draw the circuit of a divide by 7 counter using a 4 bit counter and 
feedback. f 

P 10.8 What is the waveform at the output in Fig..P 40. 2 


Fig. P 10.2 


p 109 Inthe circuit diagram of Fig. 10.22, it is given that Vog = 12 V, 
в = 10KQ, C = 0.00 pF, Vy = 5У. A trigger signal is applied 
at t = 0, find the width T of the gate signal generated, 
(hint :Vg- Veo [1 — € 7/26 1) 

P 10.40 An NE 555 timer is connected as shown in Fig. 10.24. ‘ine value of 
С is 0.01 pF, Vog = 15 V. Fix suitable values of НА and Rg to generate 
a square wave signal of 1 KHz frequency. 
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Waveform Generators © 


41.0 Introduction 


All electronic communication systems, computers, test equipments and indus- 
. trial instrumentation systems require one or more of the different type of waveforms 
viz. sinoisoidal, square wave, pulses or triangular of specified frequency and ampli- 
tude. These signals are generated by. electronic circuits known as/oscillators and 
waveform generators. We shall study the generation of such signals in this chapter. 
The sinusoidal oscillators may be classified into two broad categories of two ter- 
minal and four terminal oscillators. ' The two terminal oscillators, also. known as 
negative resistance oscillators, consist of primarily a two terminal device that has 
a negative real component of its impedance or admittance in a portion of its opera- 
ting characteristics and a frequency selective network, Four terminal oscillators 
also known as feedback oscillators consist of an amplifier and a frequency selective 
four-terminal passive feedback network through which a portion of the amplifier 
output is fed back to the input in proper phase and magnitude to ensure oscillation. 
The frequency of oscillation is determined by the feedback network. 


The square wave and the pulse waveforms are generated by what are called 
rélaxation oscillators or non-linear circuits with proper feedback. The triangular 
and ramp (sweep) waveforms are generated by linearly charging and discharging 
a capacitor using pulse waveforms to control the operation. We shall describe here 
some representative circuits of the relaxation oscillators. 


11.1 Sinusoidal Oscillators . 


Other than producing a sinusoidal signal of a given frequency and. output 
voltage or power, the oscillator must generate only a very small amount of har- 
monic voltages and must, have a good frequency and amplitude stability. The 
frequency of oscillation may vary because the parameters of the resonant as well as- 
the active circuit depends upon the load, mechanical arrangement and temperature 
etc. Low harmonic content in the output can only be obtained if the amplitude of 
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oscillation is kept as small as possible. Elaborate arrangements have to be made 
to make amplitude and frequency of an oscillator stable and of low harmonic 
content. We shall first take up the feedback oscillator circuits and establish a 
criterion of oscillation. 

Let us assume that the output of an amplifier is coupled back to its input 
through a four-terminal frequency determining network. Various oscillators differ 
in the type of feedback network that they have and the details of the amplifier. 
For example, some feedback networks produce a 180° degree phase shift between 
its input and output voltages at a particular frequency. Such oscillators require 
an amplifier to produce a phase shift of 180° in order that the feedback signal is 
in the same phase as the input to the amplifier. Other feedback networks produce 
a zero phase shift at a particular frequency and therefore, require an amplifier that 
produces no phase shift between its input and output. 


11.1.1 CRITERION oF OSCILLATION 


We briefly touched upon the subject of the criteria of stability of the feedback 
amplifiers in Chapter 7. Similar approach can be used to analyse the oscillator 
circuits where the elements of the circuit are so chosen that the system is unstable. 
Thus, for a feedback ‘circuit shown in Fig. 7.1, eqn. (7.5) 


aut TON 
wat 11.4 
AK Aro тҮ: e in 
_ AW А0) 
ee E AAO nc een 
к Т) = —A(s)f(s) 
апа F(s) = 1 + T(s) 


Putting s = jw in eq. (11.1), we see that when 
(1 — AQ). fjw) > + 4 
the gain with feedback is less than that without feedback and the circuit is a negative 
‘eedback amplifier. Whereas, if 
0 « (1—A(jw). f(jw)) < + 1. 

ihe gain with feedback is larger than that without feedback, Such. a 
situation is known as positive feedback. Where (1— A(jw) . f(jw)) <0, 
the system becomes unstable. In this system, as soon the d.c. supply is 
switched on, any noise excitation is amplified and applied back to the input 
in such a phase that the effective input further increases and the amplitude at 
the output goes on building up. The amplitude of the output is eventually limited 
by the nonlinearity of the active device. "The feedback network is frequency selec- 
tive and hence a certain frequency is only fedback in the process. Thus an output 
is produced without feeding any input signal from the outside. Such a system is 


"called an oscillator. 
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If we confine our attention to the case where (1—A(jw). /(ш) ) = 0, 

or A(jw). ўш) = 1 | (11.3) 

then we get a positive-feedback with unity loop transmission. The condition of 
eq. (11.3) is also called the Berkhausen criterion of oscillation. 


Normally in eq. (14.3) the quantity [A(jw). f(ju)] is complex and the criterion 

of oscillation requires that а 
| А (u). fg | = 4 11да) 
and phase of (A (jw). f(jw)) = 0 11.4(b) 


active A generalised feedback oscillator circuit is 

shown in Fig. 14.1 where the active network or 

amplifier may be a transistor or a tube or an 

operational amplifier. The passive feedback net- 

bae work and the active network are joined in parallel 

feedback "at their input and output terminals. Replacing 

network the active and the passive’ networks with 

Fig. 11.1 Generalized form their equivalent circuits, we have in Fig. 11.2(a), 

of feedback oscillator the overall equivalent circuit of the oscillator. 

The passive network is represented by a7 network. The element values are 

expressed in terms of admittances yı, y: and уз to facilitate having any R, L 

or C components in the network. The active network has been assumed to 

be unilateral with no internal feedback of its own. The circuit is rearranged and 

shown in Fig. 14.2(b). We could find the conditions of oscillation using the tech- 

nique described in eq. 11.4. However an alternative method is sometimes simpler 
to use and is described next. ! 


active network 


lpassive 8 


—— P | — — network 


(a). Active and passive network 
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(b) : Rearranged circuit 
Fig, 11.2 Equivalent circuit of oscillator 


If an oscillator is thought of as an amplifier with zero input signal, then the 
gain of the amplifier must be infinite to produce any output, Let us therefore write 
the KVL for the circuit of Fig. 14.2(b) and solve for Va The. nodal equations are 


o= Y, PT +&) Vi — Ys Va 


and O= (в„— Ys) Vit Xat Ys + Go) V, 
Therefore ie Ж 6) Д 
AE ad ш@ (11.5) 
A 
a ep у biie yr 
hi A АА 3 
RET (Em — Y 3) (Y, + Үз + б) 


From eq. (11.5) we see that the numerator is zero and, therefore, for any non-zero 
V, the denominator determinant must also be zero. In general the value of A is 
.complex and a function of frequency. The determinant to be equal to zero would 
therefore require that both the real and imaginary parts of the determinant must 
individually be zero. Thus 


Real. of (A) = 0: 11.6(a) 
Imaginary of (A) = 0 11.6(b) 
The condition of eq. 11.6(а) gives the frequency of oscillation and eq.11.6(b) 


gives the value of Zm necessary to sustain the oscillation. We shall apply either the 
condition of eq. (44.4) or (11.6) with equalease and facility in the analysis to follow. 


Depending upon the frequency of oscillation we either use LC or RC passive 
networks. Generally below a frequency of 100 KHz, the LC networks become too 
cumbersome and large and hence RC oscillators are preferred. Over 100 KHz, 
on the other hand, LC oscillators are quite convenient and easy to build. There 
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are many types of LC and RC oscillators but we shall describe only one or two 
typical oscillators in each category. 


11.1.2 LC OSOILLATORS 


Some of the typical LC oscillators are Hartley, Colpitts, Tuned input, Tuned 
output, and Clapp oscillators. Their simple diagrams are shown in Fig. 11.3. 
Each of these circuits has certain advantages and disadvantages and the user has 
many to choose from. We shall analyse the Colpitt's oscillator in detail. The 
passive LC network is connected between the terminals A-and B with E as the 


(b) Colpitts oscillator 
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(c) Tuned output oscillator 


(d) Clapp oscillator 
Fig. 11.3. Typical oscillator circuits 


common or ground terminalin allthe oscillator circuits. The components Ro, Re, 
Cg, Ra, Rp etc. of the transistor amplifier are the usual biasing and by-pass com- 
ponents. A choke could have been used in place of the resistance Ro. Са and 
Cg have been used as d-c blocking capacitors. Ап a.c equivalent circuit of the Col- 
pitts oscillator is shown in Fig. 11.4. 


— "uv, 


—— 


I Scand n de 
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Fig. 11.4 Equivalent circuit of a Colpitts oscillator 


The resistance R, includes г; (== т +T ь,) of the transistor and any biasing resis- 
tances connected. Similarily R, includes r, of the transistor and any load resistance 
across the output. Using the technique of eq. (11.6) we write the circuit doter- 
minant as i 
I 


RYDAN E Peay alg PPR page 

дүз о 

eee и M 

(s | a ( ü, D T 
; C C. "M | i 
Real (A) TRUE — wW CC, $ es 4 ВРТ e HN 11.7 (a) 
1 1 4 * тор un d 

às -( Ый =) E ( ТАЛЫЫ 
апі Imag (А) wC, TART wera cg ЖЇГЇ 10.14.706) 


Equation 11.7(a) gives 10, the frequency of oscillation and for this frequency the 
eq. 11.7(b) gives the condition of sustained oscillation. 


In the case of FET and tube oscillators we can safely assume that А; is very 
large. Further if a proper buffer amplifier is used at the output of the oscillator 
then A, can be assumed to be very large. Under the assumption that В, is very 
large, from eq. 11.7(a), the frequency of oscillation is | 


i ee (11.8) 


Letting C, = n.C,, the eq. (11.8) can be rewritten as 
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Lo du yin (19) 
VLC, n 


From eq. 11.7(b), the condition of sustained oscillation is 


Oo 


fa 2 OLTE d 
Go, e R, 
solving | 
Bm Rr 7. шу LC,—4 
Substituting for w, 
Еп Ry > Ain (11.10) 
a 


or Em Ry, 2 n. 
2 


In most of the transistor circuits R, is quite small and eq. (44.8) and (11.10) are not 
valid. From eq, 11.7(a), if it is desired that the frequency of osillation is indepen- 
dent of the active circuit parameters then 


Ci 1 
zia o 
puto ЕЕ; (41.41) 
1 1+n 
a ER ЕШ В 
giving wo, LC, ( Y ) (11.12) 


as before. 


Assuming that the condition of eq. (11.11) is satisfied, the condition of sustained 
oscillation is obtained from eq. 14.7(b) as 


[bd = 1 


Кет (11.43) 


In a transistor circuit, for the purpose of simplification, let Rz be very large and 
Rr, Then eq. (11.13) «gives the condition of sustained oscillation as 


$ С, 
Em: Вт, 2 ©, 
or pz C. | (41.14) 
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Thus £ should be larger than n. In normal circumstances we should include the 
effect/of loading also in considering eq. (11.13),fully. The frequency of oscillation 
is given by eq. (11.12). "E 


To sum up we see that the amplifier produces a phase shift of 180° between 
its input and output terminals 4 апа В of Fig. 41.3(b. The frequency determining 
network consisting of L, Сү, and С, produces a sharp phase change around 10,. 
At w, the phase change produced is — 180° and thus the input and the output of 
‘the amplifier are in the same phase. Since the overall gain is more than unity the 
circuit oscillates. А j 


So far we have assumed the coil to be lossless. However, if the coil is assumed 
to have a small resistance R in series with the ‘inductor to account for the loss, 
then Q the quality factor of the coil, is defined as Q = «.L/R. The fre- 
queney of oscillation and the condition of oscillation are modified accordingly. 
For the transistor oscillators we obtain the condition that if — 


C оа аа: 
лы иь аў x z) 1145 
т T e a pu nana 
^ 4. fli +n 
r aa Cr) e eee 
mas BI E +-2-) + um ne R (44.46) 
. nR, ^ Ё, СИЕ 


is the requirement of sustained oscillations. 


Example 11.1 { ) 

In a Colpitts oscillator using a transistor (Fig. 41.3(b)) it is given that 
Tg = 5mA, Ro = 1K9, Ril | Ry = 45K0. И n4 and L — 10mH calculate 
the value of C, necessary for an oscillator to work at 1 MHz. Check whether 
the necessary condition of oscillation is satisfied if Q = 50. 
The transistor parameters аге rg; = 509 ; 6 = 100 
fy = 250 MHz, Cy, = 3pfP. | 


Since n= 1, from eq. (11.15) and (11.16 
2 


ui) ani 


L 


Hence C = 005 uE. 
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1 1 К R 
URS ph Bisnis 11.17 
Now Em > R, tg +o OR RR, ( ) 
Ol ^ 2 
Now Bis сао ot od cM 
Q Qo, 
-6 
Therefore Rie A ie sip as a 224.256 Q 
50 
Also В, = (ry! 4) |\ (Ra || Ra) 
Since ry, = 400 X 5Q 
R; = (50 + 500) | (1.5 K'Q) 
= 402 Q = 400 Q 


Since R, = 1KQ we сап neglect the term RIR,R,, as very small, The condition 
of oscillation is obtained as (substituting for R in the equation 11.17) 


or es - ж-т ‚© (11.18) 


Putting in the values 


1 1 50 
« кыны Жош =: 
c< [ 200 x 0-5 — т ] ies ус? 
or € < 0.796 x 107 Farads 


Since C is only 0.005 ШЕ the condition of sustained oscillation is satisfied. Also 
from eq. (11.15) we see that the assumption is valid since 


2х5х40% о а ХЫ 256 
—40x10*9 > > 0400x408 x40" + 40 x 108 


or 40° >>47x10° . 
or 1 >> 0047. 


All along in the derivations of eq. (11.15) and (11.16) or even the earlier equa- 
tions we have assumed that the transistor or the active device is represented by pure 
resistance R, and R, etc. In practice, at the frequencies of interest of the LC oscilla- 
tors this assumption is not valid. For instance the effect of the input capacitance 
of the transistor called here as Cin = [С”ь, -- (1 -- ga Rr) Съ] can be included 
in the value of C,. Thus the actual capacitance included in all calculations is 


(10° + ig 


: 
| 


De S Mr a r 
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C, (effective) = C, + Core + (1 gu Ry) Cy, 0s 
булуб j (14.19) 
We can calculate 


Em 
Op 


Cy m = 127 pF 
(1 + gy Н) Със = 603 pF 
hence Ci, = 730 pF | 
Since we have calculated C, (effective) — 5000 pF the actual value of €, = 5000— 


Ca = 5000 pF 
C, = 4270 pF | 
L =10циН 

= 50 


for fgg = MHz 


Fig. E11.1 -Colpitts oscillator for 1 MHz 


It is sometimes desirable to have п less than one in order.to get low distortion 
in the output waveform. The analysis of ` Hartley and Tuned output oscillator is 
rather involved because the expressions are more complex in nature though the 
technique of analysis is essentially the same. Тһе analysis of Clapp —' 
very similar to the Colpitts oscillator described above. The choice among the sad 
llators is governed by many factors. Hartley oscillator is useful at lower Senet 
and Colpitts is found to be more suitable at higher frequencie ‚ It is rather Т E 
cult to build variable frequency oscillators with a Colpitts circuit because of the 
pequirement of tuning C; and C; simultaneously. Clapp oscillator gives a good 
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frequency stability against changes in parameters of the active device and the circuit 
is very convenient to tune 


11.1.3 RC OSOILLATORS 

In a feedback oscillator, as was mentioned earlier, the overall loop gaiu 
| A(s).f(s)| should be unity with zero phase angle. A properly selected RC circuit 
can produce a zero or 180° phase shift at a given frequency. Provided this phase 
change with frequency is sharp this RC network can be used in the feedback path 
of an amplifier to produce an oscillator. The sharpness of the phase-frequency 
characteristic is being emphasised because then only the frequency» of oscillation 
will be unique and stable. . We shall describe here two RG-tuned oscillators called 
the Wien-bridge oscillator and the RC phase-shift oscillator. 


Wien-bridge Oscillator 


Wien-bridge oscillator has a number of very desirable features and finds 
extensive use at frequencies below about 100 KHz. - A block diagram of a Wien 
bridge oscillator is shown in Fig. 41.5(a). | It; consists of a non-invertii' mplifier 
and a frequency determining network consisting of R,C, in series and FC, in shunt. 
An equivalent circuit of the oscillator ig shown in Fig. 11.5(b). R; includes the in- 


< (a) Block dlagram . fb) Equivalent. circuit 


Fig. 11.5  Wien-bridge oscillator 


put resistance aud апу biasing resistance of the active device used. Ву, consists of 
the output resistance of the device and any load connected to the amplifier. 


Both the circuits of Fig. 44.5(a) and (b) can be analysed in the same fashion. 
The circuit of Fig. 11.5(a) represents an oscillator where the amplifier is an op-amp. 
Here the assumptions that its input impedance is very large and the output impe- 
dance is very small are valid. ‘The loop is opened at the point marked P in the dia- 
gram. An oscillator or signal generator is connected at Р’ and the output is cal- 
enlated at the point P". We must connect à proper termination at Р’! so that the 
IC, ft, C» network remains undisturbed. ‘Phe circuit for the calculatiou of T(jw) 


| 
ў 
| 
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is shown in Fig. 11.6(a) for the case of an op-amp and in Fig.11.6(b) for the transis- 
tor amplifier. In Fig. 41.6(a) the resistance R; is infinite, 


de tk 


(b) Circuit using a transistor ш 


Fig. 11.6 Measurement/Calculation of TGw) 
t s 


Analysing the circuit of Fig. 14.6(a), we have ` 
то) = Тш) = + Ago). fliw) = 1 


therefore 


про) = 92-71 (11.20) 


The gain of the amplifier is 


Solving, the circuit 
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AV, Р, 
Vo = кы a ae лам тен 
p R, Ju fis 5С, Re + 4 


i sC + sSC4R, +1 
From eq (11.20) 
Vo A 


— == — ИКО A ERGE nea ROIG. ч Га АМАЛЕ EER ҮШ RE eS 1 
Vir GCS,R, +1) (804, 4-1) +1 
8C, 4 В, 
A sC, В, ү 


To 740 E UII IT TEPRE SERRE +1 


or — AsC,R, = $C,CRSRS 4-8(0,(R, +R) 4 CR) +4 


Separating the real and imaginary parts, we get 
і —% С.С; RiR, +1 = 0 


ү і rw 
Eos SEDEM 
10 00 = AG f (11.21) 
Inm Rand C, = С, = C, then 
y ; 
do = a> (14.22) 


Equating the imaginary part 
AC, В, = С, (Ry +R) + С. Р, 
ог АСЕ = 3 СЕ or А23 (11.23) 


Thus the frequency of oscillation is obtained as 1/2 RC and the condition of 
oscillation is that A should be greater than 3. 


The transistor oscillator of Fig. 11 6(b) can n be similarly analysed. The frequency 
of oscillation is obtained as 
4 | р | (41.24) 


Of es) to 


ch М ы үк. 
where it is assumed that Ry = R, = R and C, = C=C 
If Ry SF and Л, > R : then eq. (11.24) can be simplified to 


Е 1 
RC? 


which is the same as eq. (11.22). Similarly the condition of oscillation gives that 


Cue 
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£y Ry 2 3 (41.25) 
provided Ry <А <В, (41.26) 
The condition of eq. (14.26) is very difficult to meet in ordinary transistor ampli- 
fiers and, therefore, the independence of the frequency of oscillation from transis- 
tor parameters is difficult to achieve. ‘The amplifier, which may be a CE-CE 
cascade with a shunt-series feedback, may be isolated by emitter followers both 
at the input and the output. : 

A very wide range of frequencies can be obtained by tuning C; and Сз simul- 
taneously using ganged capacitors. Since wo is proportional to 4/C, a one to ten 
variation in the value of the capacitor will also produce one to ten change in fre- 
quency. In LC oscillators wọ is proportional to 1/4/€ and hence the frequency 
changes by 4 to 3 only for a capacitor change of 1to 10. A practical Wien-bridge 
oscillator circuit is shown in Fig. E 44.1.2, : 


Example 11.1.2 


A variable frequency Wien-bridge oscillator-is used to cover a frequency 
range of 100 Hz to 100 KHz. A ganged capacitor of range about 31.8 pF to 348 pF 
has been used. Show the circuit arangement and calculate the values of the resis- 
tances required. Why is this circuit called a bridge oscillator ? 


The frequency range is conveniently divided into three decades of 
I 100 Hz to 1 KHz 
H 4 KHzto 10 KHz 
IH 10.KHzto. 100 KHz 


(a) Practical | circuit. 
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(b) Bridge configuration 


Fig. E11.1.2 Practical Wien-bridge oscillator circuit 


The highest frequency of oscillation 100 KHz is obtained with C — 31.8 pf. The 
value of the resistance A in the decade III is 


1 1 

Rep SB au cum xc incus др 

1 @oC 2a х 100 x 109 x 34.8 x 10712 
= 50 Kohms 


The values of the resistance in II and I decades are thus 500 Kohm and 
5 Mohms. The resistances R, and R, are used to controlthe gain of the amplifier. 
Manytimes Аз is a lamp whose resistance changes as the amplitude of the signal 
changes across it. To begin with Ris small and the gain of the amplifier is large. The 
bridge circuit idea is shown in Fig. E 11.1.2(b) where the Wien-bridge is formed by 
R,C,, RC, network and Аз and R,. Oscillation occurs at the frequency at which 
the phase shift of the positive feedback circuit is zero. Once the oscillation builds 
up, Rs increases, and the gain of the amplifier is reduced. Oscillation is finally 
sustained at the level when the loop gain is just unity.The resistance for the three 
decade ranges are switched by a range switch. Continuous frequency variation is 
obtained by the variations of C, l 


Phase Shift Oscillators 


Phase shift oscillator consists of an inverting amplifier and an RC ladder net- 
work in the feedback loop which shiftsthe phase by an additional 180°. The ladder 
network is either a high pass or a low pass network with three or four RC sections 
. as shown in Fig. 11.7. ; 


Each section of the RC network produces a phase shift of 60°. In the transistor 
oscillator of Fig. 11.7(b) the resistance of the last section is modified. A resistance 
R, in series with the resistance R,, of the transistor makes Ry 4- Ry, = В. 
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in Fig. 11.7(a), we open the loop at the point P 
Fig. 11.8(а). The circuit is redrawn 
equations as follows 


In order to calculate T(ju) 
and connect a voltage source as shown in 
in Fig. 11.8(b) for convenience. Writing the KVL 


1 
— AV, = (ғ +5) (I; — Rh) 


o= (2r +5) KARERE 


Q = (2 +) I, — RI, 


(a) Op- Атр oscillator 


RI 


(b) *Transistor — oscillator 


Fig. 11.7 Phase shift oscillator 
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(a) Complete circuit 


(b) Simplified circuit 


Fig. 11.8 Circuit for calculating T(jw) 
We can obtain J, as 


4 
ndum —R — AV, 
-4 
FL nau 
Li 9 =R 0 
4 
BT рст —R 0 
1 
ae OR puts A 
| 3 ас А ; 
о —R 
pou sc 


The value of the determinant in the denominator is 


68" 5R 1: 
А 72807 P7: 
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2 
anl PAIAR AV; R 
A 
V, — AR? 
Now Vo = ВІ, ; hence — = 
0 3 ie Т, А 


It is required that V,/V; = 1. Therefore, putting s = jw, we get 


joR? 5R j 


Jam MODI 
E oC wC? oC 


(41.26) 


Separating the real and imaginary parts of eq. (44.26), we get from the imaginary 
part, 


ict NE 
oC o3 C9 
or o2 CR ndn 
* 6 
o ades UM (112) 
V6RC 
where w, is the frequency of oscillation. The real part gives 
—А = m — skai 
oC? 
Substituting the value of o? CR? = 1/6 we get 
А2 29 (11.28) 


The eq. (44.27) and (11.28) give the frequency and condition of oscillation. The 
gain of the amplifier should be more than 29. 


The transistor oscillator of Fig. 41.7(b) can also be analysed in a similar 
fashion. For example, if we open the loop at P and take care of the terminaton, 
we shall get the circuit of Fig. 11.9(а). Redrawing the circuit to suit the conveni- 
ence of analysis in Fig. 11.9 (b), we can write the KVL as before. В, represents 
the combination of (Ал | Rg) with (w -pry, of the transistor in paraule’. This 
is the input resistance of the amplifier. The Aj represents Rg |} ro or the load 
resistance of the amplifier. Solving we get í 


382 
{ | B | 
x d R OW a MER 
s Ji habe 
0 nr ago 
AN | T sc 
ARR, ЫН R, 1 


: 6R 
= 3 3R2 йы у eiis Pn EL. JAE E 
татлаа T 


LDB, _ ARR 


A XW. 


V, 


V, 
Putting v = 1 and separating the real and imaginary parts, we get from the 
2 4 


imaginary paris 
ол? ag RH 34 


we ^ ep qa 0 
or 6o? c? А? (1 hg: x E 
or dic d Tg 
y L .29 
вот [1 + 5 x (11.29) 


(а) With loop open 
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(b) Circuit redrawn 


Fig. 11.9 Equivalent circuit of the transistor Oscillator 


To make the frequency of oscillation independent of the transistor parameters it 
is necessary to have in eq. (11.29) 


98; gi 
gorges add 


Thus, if R, < В 


then = Te ас (11.30 
From the real part we get 
oR R 
H ARR = R43 PR, ae Gee 
т 1 
Simplifying by putting o*C?R? = MISURA Y RL 
(S pR) 
R SR R : 
= peal a А af tn 11.31 
Аав > BG Е +4 нд _| (11.31) 
Alo; Жр ыд a „4% (0 (432) 
R; R 


Putting R/R, = n, the above equation becomes 


4 
Em Е; > 29n +23 + uj (11.33) 
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Minimising the eq. (11.33) with respect to n we obtain 


2 


n, = 3 
A^ MOS 


= 0.372 and 


(8m В) ап = 44.5 (11.34) 
Em R, is approximately equal to 2, of the transistor and, therefore from eq (11.33) 
and (14.34) 


4 
Bo > 2n 4: 23 4 — (11.35) 


or А В, > 44.5 (11.36) 


For good frequency stability R> R, and hence R is also much larger 
than H,. Looking into the condition of oscillation of eq. (11.31) and (11.35) we 
See that this condition will not be met, Both the conditions cannot be 
satisfied simultaneously in the simple oscillator of Fig. 11.7(b). One method of 
reducing R; effectively is to use an emitter follower between the amplifier and the 
ladder network. The output impedance of the emitter follower will be low and 
hence the value of R, and R> В, is satisfied. 


Example 11.1.3 


A transistor phase shift oscillator is shown in Fig. E. 11.1.3 where А, || Rg 
із 2KQ Ic = 5mA, # = 200; the frequency of oscillation is 1 KHz. х 
Calculate the values of С, R and R, such that all the conditions of oscillation are 
satisfied. Neglect ry. 


Vecz «12 V 


Fig. E 11.1.3. Phase. shift oscillator 


Now Ril Ар = 2KQ 3 
r, = 200 x 59 = 10000 
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hence В; = 0.667KQ 
and Ry = 1KQ 
Em = 200 х 107? 


2 
Let R > Ry be chosen as 20KQ then EY a = 0.033 which is much smaller than 


1. Hence from eq. (11.30) 


PAS NN 
у. R.C 


Oo = 


1 
T 6, 2л x 108 x 20 x 10 
С = 0.00325 pF 
R, = КВ, = 20KQ — 0.667 KQ ~ 
= 19.33KQ 
Also n= R/R; = 20 
From eq. (11.33) 


4 
200 x 107° x 0.667 х 10** = 29 х 20 4-23 +55 


We see that this condition is not satisfied. 
Let n = 3.5 giving R = 3.5 КО 
From eq. (11.31) 
200 1049 p 29 ЭЗ. у: „с d 
X Aa 0667 +3 01867 3.5х667 


ог 200 2 188.37 
which is satisfactory. From eq. (11.30) 


{ 
vénc (1 +2 i 5 


t, = 


R = 3.5 КО 
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hence C = 0,017 uF 
and А, = 3.5KQ — 0.667 KO 


= 2.833 KQ 


Also from eq. (41.33) 133.4 = gm В, > 125.64, Of course the condition. that 
R,< R is not satisfied and the frequency of oscillation will be somewhat dependent 
on the transistor parameters. 


11.1.4 NEGATIVE RESISTANOE OSCILLATORS 


Any one port device that has a negative resistance characteristic over a por- 
tion of its operating range may be used as an oscillator. As discussed in chapter 
3 the tunnel diode and the UJT exhibit negative resistance over a portion of their 
V-I characteristics. We have also discussed the characteristics of a tunnel diode in 
Chapter [II. Неге the operation of a tunnel diode oscillator will be described 
briefly. Consider the general circuit of a negative resistance oscillator given in 
Fig. 11.10(a) along with the V-I characteristic of a tunnel diode in Fig. 11.10(b). 
As long as the operating point Q is any where between the points X-Y the tunnel 
diode behaves like a negative resistance. The absolute value of the resistance is 
given by Vo/Ig and is in the range of 100-2009. Though actual equivalent circuit 
is more complex, Fig. 11.10(c), the resistance (-Rp) is shunted by a capacitance 
C, (depletion region capacitance) which is of the order of few picofarads. V, is 
between 100-600 mV. AR, and L> are the lead resistance and inductance. 


_ 20 
< 
E 
212.0 
с 
2 
3 
E 15 
tunnel diode 
-——-4 
ү, П 0 
l [ 
1 0 
1 | 
! ! 
Eu I Lex 
. fa) General oscillator. circuit (b  v-i characteristic 


A WT 
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ls Rs 


(c) Equivalent circuit 


Fig. 11.10 Tunnel Diode oscillator 


The analysis of the oscillator in Fig. 11.10(a) is simple. At the frequency of 
oscillation the net loop impedance must be zero. Thus 


R 
pov m 
bue puris s 


Equating the real and imaginary parts individually to zero, we obtain 


1 В 
aT eR AE mM 
87 (4 z] (44.37) 
and 
Ry € a (11.38) 


lt should be remembered that Rp is the magnitude of the negative resistance. As 
long as Rp is smaller than L/CpR, any disturbance like noise or closing of a switch 
will start the oscillation that will grow up in amplitude. The oscillations will be 
limited by the curvature of the characteristics and at Rp =L/C,R the amplitude 
will be constant. ° 

The frequency of oscillation also depends upon Rp as shown in eq. (11.37). 
The operating point is therefore to be kept in the linear region of the negative resis- 
tance to avoid frequency drifts and the amplitude of oscillation limited by some 
other means. An operating point nearer the point X is preferred, It is only nece- 
ssary to ensure that R< 18|. The frequency of oscillation is also affected by the 
voltage Vp since any change there shifts the operating point and Rp. From all 
these considerations the circuit of Fig. 11.10(a) is not a very practical circuit. 


A typical frequency stable ‘oscillator arrangement, is shown in Fig. 11.11 


where fo = 100 KHz. L,C, form the tuned circuit. - C, which includes Cp swamps 


388 BASIC ELECTRONICS 


C, = 600 pF 


Fig. 11.11 Practical Tunnel Diode Oscillator 


any changes of Cj due to bias or temperature changes. The bias is stabilised by 
‚ using a voltage divider R, and H, It can be shown that the frequency of oscillation 
is № ) 
1 1 
08 m LM a мл 11.39 
ST EOEG) 66 4-0) RE hd 
where the lead inductance and resistance have been neglected. One of the main 
advantages of the tunnel diode oscillator is that it can be used at very high fre- 
quencies. For example, if 2, = 0.2 pH and C; — 3pF with C, = 1000 pF, the 
frequency of oscillation is 100 MHz. 


11.1.5 Crystal Oscillators ` 


Very high frequency stability in oscillators can be obtained by the use of 
mechanical resonance elements as the frequency determining network. Piezo- 
electric quartz crystal has been used extensively as one such frequency determining 
network. The main advantage of the crystal lies in the fact that its effective Q is 
very high—hundreds of times more than that obtained in ordinary LC circuits. 
Piezoelectric effect tells us that if the crystal is compressed or stretched in a certain 
direction, a voltage will appear across the surfaces of the crystal which are per- 
pendicular to the axis of the force applied. Conversely, when a voltage is applied 
across the surfaces, the crystal expands or contracts. If the applied voltage is alter- 
nating, the crystal is set into mechanical Vibrations. The amplitude of vibration 
is maximum if the frequency of the applied voltage corresponds to the mechanical 
resonance frequency of the crystal. ' An electrical equivalent circuit of this mecha- 
nical resonator, along with its holder, is shown in Fig. 11.12(a). Z,C\R, represent 
the equivalent circuit of the crystal and C, is the Capacitance of the holder. 

The performance of the oscillator will very much depend upon the properties 
of the crystal, its type, thermal properties and the axisof cut. The frequency of 
oscillation of some crystals changes with temperature and, therefore, they are kept 
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(a) Crystal and equivalent circuit 


(b) Oscillator circult 
Fig. 11:12 Crystal Oscillator 


in temperature controlled ovens to improve frequency stability. On the other 
hand, there are particular cuts of a crystal which have a zero temperature coofii- 
cient and are marketed in evacuated glass encolopes. Their stability is adequate 
for most commercial transmitters and receivers. deri у 

A typical oscillator using a crystal is shown in Fig. 141,12(b). The circuit of 
Fig. 11.12(b) is called a Pierce oscillator. The frequency, of oscillation is 100 KHz. 
The drift is within 10-5 Hz per week and the frequency instability is 10.10 
рег °С. 

We have not discussed the amplitude stability and the harmonie content of 
the various sinusoidal oscillators described. Amplitude of oscillations is normally 
kept small to ensure low generation of harmonics. The circuit arangements needed 
to stabilise the amplitude are quite elaborate and beyond the scope of this book. 
We shall next take up square wave and. pulse generators, 


11.2 Square Wave Generator 


Oscillators discussed so far generate continuous sinusoidal waveform, In 
all digital systems, and in many analogue systems as well, we require square and 
pulse waveforms. The main feature of a square wave is that the amplitude level 
is constant for some period after which it changes abruptly to another level and is 
constant there. These abrupt changes or switching goes on periodically. Since 
the square wave signal has two levels only it could be generated using the logic 
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circuits described in chapters 9 and 10. Ап astable multi-vibrator which genera- 
rates a square wave was described in section 10.4 using the Timer chip 555. Here 
we shall discuss the transistors and op-amp based astable multivibrators. 


| 11.21 TRANSISTOR ASTABLE MULTIVIBRATOR 


The basic building block in the astable multivibrator is the transistor switch 
analysed in detail in section 9.4. А circuit diagram of ап astable mutivibrator is 
shown in Fig. 11.13. 7, is connected to the base of 7» and the output of T, is 
connected back to the base of 74. 


Vee 
n T2 


Fig. 11.13 Astable Multivibrator 


Assume that the 7, and 7, circuits are identical and when the power 
is switched on both the transistors conduct equally. We shall show that such a 


Situation cannot persist for long. Even if the currents J, and Io, are identical it 


will happen that the random noise voltages in both the transistors will be different 
Thus, it may happen that Jo, momentarily increases and the collector voltage Vc, 
reduces momentarily. Since the collector of 7; is coupled to the base of 7,, this 
reduction of collector voltage will be transferred to the base of Т. Tf the base 
voltage Vg, of T, reduces momentarily the current through 7, will reduce. Аз 
the transistors are in the active region they will also amplify any disturbance at the 
base. Therefore, the reduction of Vp, will be aniplifed by 7, and the voltage at 
Vg; will rise by a larger amount. Again 7, is coupled to the base of 7, and hence 
Vg; will rise resulting in a further increase of the collector current of 7,. The vol- 
tage Vc, will thus drop by a larger amount because of the regenerative action of 
T, and 7}. We see that a small change is regeneratively coupled back and the 
voltage Vo, falls further. The cycle repeats till 7, stops conducting and 7; goes 
‘ON’ or is іп saturation. The point to note is that both 7, and T, conducting is not 
allowed and one of the transistors switches ‘off’ and the other ‘ON’ very quickly 
because of the inevitable minute ditference in the circuit voltages or currents. 
Having established the fact that both the transistors cannot. be conducting 


simultaneously for long, let us see how the multivibrator operates. Let us assume 
that immediately before ¢ — 0, 7, is conducting and is ‘ON’ and 7, is OFF’. The 


. collector voltage of 7; will be equal to Vcg (Sat) = 0.3 V and the base voltage of 
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T, = Vgg (S21) 507 V... The; collector: voltage of Ta = Voc and the Баз of T, 
isless than about 0.6 V so that it is cut-off. The waveforms at the collector and the 


base of the two transistors are shown in Fig. 11.14. 


Now at t < 0, the capacitor C, is charging from Voc through R, and saturated Ty. 
Thus the terminal of C , towards the base of 7, will be rising in potential. At = 0 
this voltage reaches the cut-in voltage of the T, making it conduct and be in the active 
region. The Vg, will fall and bring 7, out of saturation in turn, making both T, 
and 7, conduct in: the active region. Regenerative action takes place making 


T, ‘ON’ and. Ty ‘OFF’. 


n ки 72-4 collector waveform 


0 t 
Vgi base waveform 
collector waveform 

Vcc 

Ve2 

0 t 

over shoot 

У 7| 1 =t 
| | 
| 

\Ув2 | | base waveform 
| | 


Fig. 11.14 Astable Multivibrator waveform 


The collector of T, drops suddenly from Veg (the cut-off voltage) to Vog (Sat). 
This change is coupled to the base of 7, through the capacitor Сз. The voltage 
Vg, will thus drop by an amount equal to Усс» аз shown in Fig. 11.14. At time 
t= 0+ we have Vg, = —(Voc — Vag (Sat). Ca will now start charging to Veo 
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through R, and 7, in saturation. This charging will be exponential. The initial 
value of the voltage is = —Vo and the final value is Уо: However, as the vol- 
tage rises to the cut-in voltage of T, it conducts and regenerative cycle repeats. 
As T, goes into saturation, the voltage Vp, shows a jump to — [Vco—Vgg (sat). 
The waveform is as shown in Fig. 11.14. C, now charges from Voc through В, 
and T, If the resistance R, = R, and C, = C, then T, = Ta. 


At the time t=0+4 when Vo; jumps from Vog (Sat) to Voc, the sudden tran- 
sition is transmitted to the base of T, resulting in the overshoot (though small) 
shown in Fig. 11.14. Similar overshoot is also shown in Vg, when T, switches from 
‘ON’ to ‘OFF’. The time period T, and Т» are dependent upon the rates of charging 
of the capacitors С, and C, through the resistances R, and R, as explained earlier. 
Now in a RC charging circuit, the output voltage across C is given by 


Vo = Vinar + (ына — Ула) € */7 (11.40) 

where V,,,,, = initial value of the voltage of the capacitor - 

Vanat = final value of the voltage to which the Capacitor is charging 

and т is the time constant RC. К 

If we assume that Vc (Sat), Увк (Sat) and cut-in voltage of the transistor are 
negligible in comparison to Voc then Ула = + Vog and Vinttiat = — Voc and the 
switching takes place when V, reaches cut-in which is ~ 0. Solving eq. (11.40) 
for the condition that t = T, = T, and В, = А, = R, C,= C=C we obtain 


Voc I Woo exp [ —TyRC] 
or T, = RC. 1n 2 = 0.69 RC (4.41) 


Thus the time period T= 7, +7, = 1.38 RC (41.42) 


The frequency f = 1/T of this: азї3аЫө multivibrator can be Changed easily 
by returning R, = R, to a different voltage Vpgg. Аз the voltage Vz, is changed, 
the Vanas in eq. (11.40) changes and thus the time taken for the capacitor to charge 

- to the cut —in voltage changes. This results in a Change of 7, and 7, and hence 
the frequency. | 


Example 11.2.1 


In the astable multivibrator of Fig. E 11.2.1 calculate the values of T, and 7, 
„given Изв = TV and draw the waveforms at the base of the transistors. Let 
hpg = 30: 


The collector current of the ‘ON’ transistor is given as 


Veo — Vog (Sat) _ (2— 0.3) V 
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40V 


22 ka 


Vgg* *?V 


Fig. E1121 Astable Multivibrator 


Neglecting Vg (Sat) and Vog (Sat) etc, we have 


Visttial om oa 12V 


Маар W: 
тү=ВС = 22 x 10° x 0.005 х 4078 = 1.4 x 4074 
Putting the values in eq. (11.40) 
0=7-+4(- 12— 7) gtnvas* 
If Т, is the period for which transistor T, is ‘ON’ m 


1 ->T,and 


49 exp [7,/4.1«1075] = 7 


оо qs [5 Ы x 44 x 407* = 109.8 и sec 


Similarly T, = RC = 22 x 10° x 0.001 x 1078 = 2,2 x 107 


and Ty = 2.2 x 401, [—7- | = 21968 soo. 
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The waveforms at the base are shown in Fig. E 11.2.2 


T T 
mer uo 
і SE a 
0 d Ч t 
V82 
0 t 
| 
Ver Y 
I 


! 
—712 — Ti — 
Fig. E11.2.2 Base Waveforms 


11.2.2 Or-AMP SQUARE WAVE GENERATOR 


So far we have discussed, in this section, square wave generator built around a 
discrete device like the transistor. Op-Amps can be used to generate square waves 
by using the positive feedback along with the negative feedback. A square wave 
generator is shown in Fig. 11.15. In an op-amp if the voltage V, is slightly larger 
(say 1 mV) than Vs, then the output is large negative (— Ус). On the otherhand, 


/\ 02 zener 
dlodes 


Fig. 11.15. Square waye generation using Op-Amp. 


if V; is larger than V, than the Vor, is large positive (+Vco). The Zener diodes 
D, and D, in conjunction with Rp restrict the excursion of the Vou, to + Vz, the 
voltage of the Zener diodes. 

Positive feedback is provided through R, and Ry. Assuming, to begin with, 
that the voltage across the capacitor is zero, any noise or disturbance will be ampli- 
. fied. Because of the positive feedback the circuit will amplify regeneratively and the 


WAVEFORM GENERATORS 395 


output will switch to 4V,. Capacitor C starts charging to +V; through Rs. 
Once the voltage V, exceeds V, the output jumps to large negative but is restricted 
to—V,. The capacitor now starts discharging (or charging to—V;) through R,- 
Again when the voltage of V; becomes less than V, the output swings to +Vz. The 
waveforms are shown in Fig. 11.16. 
capacitor voltage 
(5) Vz 
В+ R, 


L. ум 
UR ER 2 


output’ V 
voltage 0 
- Vz 


Fig. 11.16 Waveforms at the capacitor and the output 


Ra 


The two threshold voltages at which the op-amp switches are + Vz. Е, ЕВ, 
3 4 


; +2 Fa 
In other words, when the output is 4Vz, the voltage at V, is Rok 


Similarly when the. output is —Vg, the voltage at the. positive terminal is 
Ry 
BBC 
values for the change of state to occur. à 
"Phe circuit shown in Fig. 11.15 is fairly convenient to use and works well 
at frequencies below about 40 KHz. At higher frequencies the delay of the op- 


amp and its ‘slew rate’ limit the speed of switching. The Zener diodes of unequal 
voltages will generate a non-symmetrical wave where Тү and T, will not be: equal. 


—Vz. The voltage across the capacitor has to exceed these threshold 


Example 11.2.2 


A square wave generator circuit is shown in Fig. E4123. Calculate its 
threshold voltages and the times T; and Т». 
The threshold voltages at which the op-amp will switch to the other state are 


5.6 x 20 
120 


ES = + 0.93V 


Using eq. (11:40), if the initial value is — 0.93 and the final value is+ 5.6 V and the 
time constant is T. then the capacitor charges till the voltage reaches -+ 0.93. Thus 
4.0.93 56 + (-0.93--5.8) e Тут 


396 


Fig. E11.23 Op-Amp Square wave generator 


or e T,IT = 0.745 


4 
or T, = 100 x 40 x 05 x 40* 1, ( ae ) 


or 2 = Т, = 1.677 m sec 
Hence the time period of oscillation is 3.354 msec or the frequency is 298 Hz. 


11.3: Pulse Generators 


Basically the square wave generator, as the name Suggests, generates a wave- 
form which is symmetrical in the sense that the periods 7, and 7, are equal. In 
the circuits for the generation of these waveform it will be quite easy to produce 
a signal where 7, 55 7,. Pulse generators consist of circuits which generate 

- narrow pulses whose width can be controlled and whose frequency can be varied. 
A technique which is quite popular is to generate square waves and then trigger a 
monostable multivibrator with it to generate variable width narrow pulses. A 
monostable multivibrator using the timer chip 555 was described in the previous 
chapter. It this section we shall describe a transistor and an op-amp based mono- 
stable multivibrator. : 


11.3.1 COLLECTOR COUPLED Transistor MoNOSTABLE MULTIVIBRATOR 


A monostable multivibrator, as discussed earlier, is a circuit which has only 
one stable state. If it is triggered to the second state externally then it comes back 
to the first state after a certain time which can be controlled. A circuit diagram of 
a monostable multivibrator along with the waveforms at some important places is 
shown in Fig. 11.17. The collector of T, is a.c. coupled to the base of T, but the 
collector of 7, is d.c. coupled to 7;. ` This fact makes a great difference between this 
circuit and previous astable circuit of Fig. 11.13. It can be shown that 7,, ‘ON’ 
and 7, ‘OFF’ is a stable state of operation. Once T, is ‘OFF’ the capacitor C cannot 
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charge through 7, and base of T, is permanently at Vgg (Sat). Since Ts collector ' 
is at Veg (Sat), the base of 7, is negative and thus 7; is ‘OFF’ permanantly. 


Мес 


trigger 


‘on’ 


(a) Circuit diagram 


Veg (sat) 
Ve2 
B ^ 
Vee 
V 
V 
eo t 


Vce (sat) 


(b) Waveforms ; 
Fig. 11.17 Collector coupled Monostable "Multivibrator 


Now when a negative trigger signal is applied at the collector of 7; and is of 
sufficient magnitude it brings 7; out of saturation and inio the active region. Vo: 
rises and T, starts conducting. ‘Once both the transistors are in the active region, 


regenerative action takes place and T, is switched 


‘ON? апа 7, ‘OFF’. The Vor will 
drop by an amount almost equal to Voo—actually I¢uRe. Since the voltage across 


398 BASIO ELEOTEONIOS 


the capacitor cannot change instantaneously, the change of Voc at the collector 
of T, will be transformed to the base of Te. The base voltage Vg; will be ха — Усс 
at t = 0 4 as shown in Fig. 11.17(b). The capacitor now starts charging through 
T, (now conducting) with the current direction J shown in’ the diagram. The vol- 
tage Vp, will continue to rise and as soon as it reaches the cut-in voltage of 75, the 
transistor T, will start conducting. The change in Vo, will bring T, out of satu- 
ration and the regeneration will take place switching 7, ‘OFF’ and T, ‘ON’. Thus 
when a trigger is applied, the monostable multivibrator produces a pulse of width 
T. The pulse width can be easily controlled by either changing C or the voltage 


to which Ё is returned. Using eq. (11.40), we see that Via; = — Voc and 
Vanai = Voc, then, as shown earlier, ' 
T=RC in2 (41.43) 
or T= 0.69 RC 


We see that 7, ‘ON’ lasted only for the duration of 7 and the circuit returned 
.to its permanent state. This state is, therefore, called а quasi-stable state. The 
monstable multivibrator can be used to establish a fixed time interval of 7 
seconds. 


Example 11.3.1 


A. monostable multivibrator circuit is shown in Fig. E 11.3.1. Calculate the 
valués of the voltages at the collectors and bases of 7, and 7, in the stable state. Also 
find T. It is given that kpg = 20 and Vgg (Sat) = 0.7V, Vox (Sat) = 0.3V and 
V агза = 0.6 V for the transistors. i 
: Since T,is ‘ON’, Vos = 0.3V . 


Vio = 0.7V 
42—0.3 
d = ——_ = 5, A 
Also Т; is ‘OFF’, therefore å 
Vo, = 42V 
Voz X В, В 


T is given аз 0.69 RC = 0.69 x 22 x 10** x.001 x 10-8 
= 0.015 m sec = 15 p sec. à 
The C, and Hs form the triggering circuit." The diode allows a negative signal only 
to pass through to the collector circuit. 
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C,in Fig. 14.47 and Fig. E. 11.3.4 is called a commutating capacitor. It 
assists. the monostable multivibrator in making fast changeover from one stable 
state to the quasi-stable state. It is also known as ‘speed up’ capacitor. It aids the 
switching by causing the base of T, to respond more rapidly to a change at the 
collector of 7,. The capacitor hastens the removal of the stored base charge of 
T, so that it can switch ‘OFF from ‘ON’ at the end of the period T. The value of 
C, depends upon the transistors and R, and R, and may be in the range of tens of 


picofarads. 


+H12V 


Ry = 22 ка 
кон! 12% ‘on’ 


Fig. E11.3.1 Monostable Multivibrator with triggering arrangement 


11.8. MONOSTABLE MULTIVIBRATOR USING Q?-AMPS 


The op-amp based astable multivibrator of section 11.2 can be modified to 
act as a monostable circuit, The capacitor C in Fig. 11.15 was allowed to charge 
to +V, and —Vz and whenever the voltage at the negative terminal of the op-amp 
exceeded the V,, поа» the circuit switched states. In order to make one of the states 
‘stable’ the excursion of C is limited in one direction by putting a diode D; 
across it as shown in Fig. 14.18. The trigger signal is applied at the positive ter- 


Fig. 11.18 Monostable Multivibrator using an Op-Amp. 
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minal through a diode D, and C,R, circuit. In the steady state the positive voltage 
feedback at the plus terminal makes the Voy; as --Vz as long as the voltage at the 
negative terminal is fixed at about 0.6V (the voltage of the diode D,). The voltage 
at the positive terminal is greater than 0.6V i.e., 

(V,.R,)/(R, -- В) > 0.6V. 

The negative trigger signal reduces the voltage V; below V; and the output 
swings to—V,. The capacitor С now starts charging to — Vz through R. As 
soon as the voltage V, becomes less than V, the circuit switches back to its initial 
state. Since the voltage at C is again held at 0.6 V the circuit will not trigger again 
by itself but will require another external trigger. The waveforms at the terminals 
of the op-amp are shown in Fig. 11.19. The duration 7 can be controlled by adjusting 
Rs or. Ry. Using eq. (11.40) we can write = i 


Fig 11.19, Waveforms at the Op-Amp input and output terminals 


— Vz. apr ng —Vz +(0.6—(V,)) &*f* (11.44) 


where T— RC 


Thus the width T can be calculated from eq. (11.44).. The circuit is useful for trig- 
gering speeds upto 10 KHz amd can generate a pulse of variable width. ) 


11.4 Triangular Wave Generators 


-In many situations we require a triangular waveform which is rising linearly 
to a certain level say A and then again falling linearly to zero or the previouslevel as 
shown in Fig. 11.20(a). Тһе more popular and used waveform is the one shown in 
Fig. 11.20(b) Here the voltage rises linearly to a certain level A but its fall back 
is quicker and may or may not belinear. Such a waveform is called sweep, ramp 
or sawtooth waveform and is used extensively in oscilloscopes to produce the linear 


WAVEFORM GENERATORS 401 


(a) Both rise and fall are 
symmetrically linear 


вт — 
(b) Linear rise but near instantaneous 


fall. ( sweep ) 
Fig. 11.20. Triangular Waveforms 


р 


movement of the electron beam on the screen of the Cathode Ray Tube (Section ` 


3.5). Variety of circuits have been used to generate the sweep waveforms but we 
shall describe only one or two representative circuits. 


The triangular waveform of Fig. 11.20(a) is easily generated by integrating a 
square wave. The integrator was described in Chapter 8. The circuit of Fig. 
11:24 shows a trinagular wave generator. 


e 


Fig. 11.21 Integrator to: produce triangular waveform 
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In Fig. 11.23 the resistance Ry > Rı and is used to stabilise the operation of 


: 1 Hs 
thé circuit, The breakpoint of the integrator is f, = IWRC, The minimum 
21 2 


frequency of the signal to be integrated has (0 be at least 10 times larger than fz. 
For example if R, = 10KQ, R, = 100K Q and C, = 0.4 pF, then the frequencies 
above which the circuit will act as an triangular generator are 160 Hz and above. 


Sweep waveform 


In all Oscilloscopes and Television receiver eto. the election beam is shifted from 
left to right, say, by the application of a sweep waveform to the horizontal plaies. 
A waveform suitable for this purpose is shown in Fig. 44.20(b). Over the time 
О —T seconds the amplitude of the waveform rises linearly with time and the spot 
moves linearly on the CRT. When the amplitude reaches the level A the waveform 
falls quickly to zero. The spot of the electron beam retraces its path to the original 
position in quick time. In most of the oscilloscopes the retrace of the spot is blan- 
ked out and we do not see the flyback of the spot. One can see that there are two 
or three important conditions that are required for a sweep waveform. The most 
important requirement is that the waveform be absoletely linear over the period 
О —T. Secondly its flyback period be small and thirdly the start of the sweep be con- 
trollable from outside. In other words the sweep should start whenever a trigger 
signal is applied and also it should stop when it reaches a predetermined level, say 
A. A detailed discussion of sweep circuits is beyond the scope of thisbook and we 
shall attempt a brief description only. 


Among the many categories of the sweep circuits possibly the three most impor- 
tant ones are the (i) constant-current sweep (ii) Miller sweep and (iii) Bootstrap 
-sweep generators. We had described a constant current source in connection with 
the input circuit of an op-amp in Chapter 8. A block diagram of a constant 
current sweep is shown in Fig. 14.22, The Zener diode Vz and D conduct and a 
fixed voltage is produced at the base of Тү. The current Ig and hence Ig are con- 
stant. The constant Ic charges the capacitor C and the voltage Vc across the capa- 
citor is 


Tt, Igt- 


Vo (0 = C C 


(11.45) 


Normally, if the base of T, is kept 'High' then 7; will be in saturation and all the Ig 
will be diverted into it. The voltage across C will practically be zero (20.30). 
If a negative going pulse is applied at the base of 7, then T, will cut-off and the cur- 
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Vec 


discrimi- 
nator 


Fig. 11.22 Constant curreñt Sweep Circuit 


trigger 


rent J, will flow in C charging it. The voltage will rise according to the eq. (11.45). 
It is seen that, as long as Г; can be kept constant, the voltage across C will be 
varying linearly with time. The output Vg is taken via a buffer amplifier. A 
portion of the output is taken to the voltage discriminator or threshold circuit. 
When the output reaches ‘A’ volts (Fig. 44.20) the discriminator produces an out- 
put which in turn triggers the control circuit. The output of the control circuit 
goes ‘High’ again and the sweep stops. The ‘control’ cireuit has an additional 
provision of a trigger input to initiate the sweep cycle. The control circuit will just 
be a flip-flop in this situation. 

The integrator of Fig. 11.21 can also be modified to produce a sweep circuit. ' 
This type of sweep is called a Miller Sweep circuit. Two arrangements for reducing 
the retrace or flyback period are shown in Fig. 141.23. The linearity of the sweep 
will depend on the gain of the amplifier: In both circuits, as long as the base of : 
T, is high the output is at zero volts. In Fig. 11.23(a) as soon as the pase of 7; 


(а) Simple circuit 


404 
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goes ‘Low’ 7, gets cut-off, C starts charging and a negative sweep appears at the 
output, In the circuit of Fig. 11.23(b), the diodes D, and D, produce a short cir- 
cuil, across the capacitor C. When the trigger signal appears T, stops conducting 


and the diodes become open circuit. 


output. The sweep speed will be V/RC volt/second in both the cases. 


T Vee 


(b) another arrangement (Vpr =V pc). 
Fig. 11.23 Miller Sweep Circuits 


Review Questions 


11.1 
11.2 


11.3 
11.4 


11.5 
11.6 


117 
11.8 
11.9 
11.10 


11.11 


What is the Berkhausen criterion of oscillation ? 

What is the difference between feedback oscillators and negalive resistance 
oscillators ? { 

What is the difference between the Colpitts and Clapp oscillators ? 
What is the condition of balance of the Wien-bridge ? 

What is the frequency of oscillation of an LC Colpitts oscillator. 

What is the frequency and: condition of oscillation of a Wien-bridge 
oscillator ? | | 

What is the advantage (if any) of the Wien-bridge oscillator over the RC 
phase-shift. oscillator ? | 

What is the minimum beta of the transistor їп an RC phase shift oscillator ? 
What is the equivalent circuit of а crystal ? 

Is it possible to obtain both transistors in (i) saturation (ii) cut off, when the 
astable multivibrator in Fig. 11.13 is switched on? 

What is the principle of operation of the square wave generator using an op- 
amp? Is it move stable than the Circuit of Fig. 11.13? 


The negative going sweep is formed at the 
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11.42 Compare the performance of the monostable multivibrators using transis- 
tors (Fig: 11.17) and the timer 555? As } 


11.13. What is a constant current sweep ? 


44.44 What are the applications of the sweep waveform ? 


Problems 

P 44.1 Establish the conditions of oscillation of a Hartley oscillator. Assume 
L, = пд in Fig. 11.3(a) and draw an equivalent circuit for the auto- 
transformer. 

P4L2. Find o, and tlie condition of oscillation of the Clapp oscillator in 
Fig. 11.3(d). 

P4L3 Design a Clapp oscillator to oscillate at 2 M Hz. 

P414 Design a Wien-bridge oscillator at 1 KHz frequency. 

P 11.5. Find the frequency of oscillation of the RC phase-shift, oscillator shown 
in Fig. P11.4. Given that 75, 2mA and == 2,mA/V. What is 
the gain ? : PNG Pai s 


QOiuF OQlgF 


Fig P 11.1 


P44.6 Design а transistor phase shift oscillator Lo work аһ 20 KHz. 


P414.7 Design a square wave generator (o give square wave signal at 10 KHz. 


Use (i) transistors (ii) op-amp. 
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Р 44.8, An astable multivibrator using FET is shown in Fig. P 11.2. Find the 
waveforms at the drain, gate and the source and calculate the frequency. 


Vpp= 15 V 


Fig P 11.2 


P11.9 Design a monostable circuit of Fig. 11.18 to give a gate signal of 10 p- 
i sec. with a peak-to-peak signal of + 3V. 
P 11.10 In the circuit of Fig. 11.22, find the constant current I, if Voc = 12V, 


Vz = 8V and А. = 2KQ. Assume a drop of 0.7 across the diodes. 
What is the rate of charging of the capacitor in volts/sec. if C = .01 uF ? 


P 11.11 In the Miller sweep circuit of Fig. 11.23, what is the rate of charging of 
С in volts/sec if C = .01 pF, Урс = 12V and R = 10KQ, What is the 
total range of the output signal ? 


P 11.12 Design a collector-coupled monostable multivibrator to produce a gate 
signal of 100 u sec. 


12 


Power Supplies 


12.0 Introduction ` 


А d.c. power supply is used for operating all the devices in the analogue 
and the digital circuits discussed in the previous chapters. In most of the analogue 
circuit.applications using BJTS, or FETs the d.c. voltages needed are in the range 
of + 18У. In the digital circuits, particularly for the TTL gates the d.c. voltage 
required is +.5V. For operating vacuum tubes much larger voltages, like 250V. 
elc, are used. Batteries possibly would have been an ideal solution for supplying 
power to the transistor circuits, and in fact in large number of applications they 
are. Unfortunately batteries run down very fast when larger currents are drawn 
and the only convenient source of power is the 230V, 50 Hz a.c. supply mains. 
The a.c. signal is stepped down, rectified, filtered and regulated to give the 
required d.c. Vacuum tubes are largely used in d.c. power supplies meant for 
vacuum tube circuits though selenium rectifiers are also used. Semiconductor 
diodes are invariably used as rectifie:s for lower voltages in the transistor circuits. 
Extremely large voltages required to operate the CRT in the oscilloscopes and 
television receivers employ entirel; different techniques. We shall in this chapter 
discuss diode rectifiers, filters and regulators used in d.c. power supplies. 


12.4 Half Wave Rectifiers 


Half wave rectifiers were briefly described in Section 34.1. The circuit 
consists of a diode with the load resistance R in series, as shown in Fig. 12.1(a). 
The 230V, 50 Hz a.c. is stepped down to v,, by a transformer and applied to the 
diode. The diode conducts only when the voltage al its anode is positive: with 
respect to the cathode. In most of the analysis to follow we shall neglect the. 
small cut-in’ voltage of the diode in comparison to the vao The diode current | 
i, is therefore, as shown in Fig. 124(b). It is positive and unidirectional. The 
output voltage V, across the load resistance will be iR. Now ; 


408 BASIC ELECTRONICS 


(a) Circuit diagram 


Vec volts 
EN 


о 
= 


& 
Im 
E 
(b) Waveforms 
Fig. 121. Half Wave Rectifier 
Vac = m Sin wt 
hen Ў 
T AREA Vs sin wh _ DL sin wt 0 x sin wt <4 
av 2 : 
а (12.1) 
апі sem A S sin wi 0 


where Jn = Vn/R, the max. value of the current. 


"The output voltage will have the Same waveshape as the input signal for the 
positive half cycle and zero otherwise. The average value or d.c. value of the 
current will he 


POWER SUPPLIES 409 


1 2 у, зіп ot 


Іа, = [ da lease = E Р, dot 
0 4 
average 
1 * Vm sin ot. dot 
"a! wt FD 
14 І, 
ог Г = aa = z (42.2) 


Thus the average value of the current is 1/7 times the peak value Zm. The average 
or d.c. value of the voltage 


v 
Vas = Tay R= (12.3) 


The r.m.s. value of the current can also be found as 


17 A 
pL э; l'a dot 
o 


or Lng = T (12.4) 
Simi Vn 12.5 
їшйайу Vy, = 77 (12.5) 


It is very instructive to examine the various frequency components present in the 
current waveform i, of Fig. 12.1(b). A Fourier-Series analysis of the half sinusoidal 
signal, refer eq. (3.4.2) shows that ў 


dm с Im 2» ‚ 2. t 12.6 
м =; pu sn wt — 7 cos ot ү" cos dati 49) 


It means that the output consists of a zero frequency or d.c. signal, component 
at w and various high frequency terms like 20, 4o, ete. The voltage V, = i, R 
will also have the same frequency terms. We are only interested in the de term 
in a power supply. All other harmonics are undesirable and have to be removed 
by a filter as shown later. In fact the ratio of the effective value of the ac. 
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components to the d.c. or average value is used as a measure of performance of a 
power supply and is called the Ripple Factor. The ripple factor is defined as 


y Tac = Іт 315. 
Та, Г 
ог у= Vly —1 (42.7) 
S lac 
For the half rectifier, from eq. (12.4) and (12.2) 
Im = “By and qa = 2 
hence EU (5) A= 121 (12.8) 


Thus the ripple factor is quite high for the half wave circuit. As was mentioned 
in Section 3.1.1, the Peak Inverse Voltage (PIV) for a half-wave rectifier is V m Volts. 


Example 12.1.1 


In the half wave rectifier of Fig. 12.1, the input voltage v,, to the rectifier is 
20 sin 314t and the load resistance is 500 Ohms. Calculate (i) the peak, average 
and the rms values of the current (ii) the d.c. voltage and power output (iii) the 
а.с. power input and (iv) the ripple factor. Assume the diode to be ideal. 
Now V,, — 20 volts 
hence 7, = V, /R = (20/0.5) mA = 40 mA 
From eqn. (12.2) 
lj, = average value of the current = Im/r 
= 40/7 = 12.73 mA 
From Eqn, (12.7) 
Tyme =.1/2 20m A. 


y. m | 
Va = 79 = — = 6.87 volts, 
20: 
Vine = y = 10 volts. 


The d.c, power output = Г. В 
= (12.73): 1075x 0.5 x 408 
== 81.03 mW 
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The a.c. power input = I? ma R (since the diode is ideal) 
= 200 m.W. 


The ripple factor from eqn. (12.8) is 1.21 


12.1.2 Furu Wave RECTIFIER 


The circuit arrangement in the halí-wave rectifier is such that the current 

» is driven into the load only during half the cycle. By the full wave rectifier 
arrangement of Fig. 12.2(a) it will be possible to get over this difficulty and drive 

the load during the positive and the negative half cycles of the input. The circuit 
consists of a centre tapped transformer with the windings as indicaled. During 


ely Iq "14+ 142 


= Ig 


(a) Circuit diagram 


(b) Waveforms 


Fig. 12,2 Full wave Rectifier 
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ihe positive half cycle, the diode D, conduels and the current їз flows into the 
| load R. The voltage at the anode of diode D, is negative throughout this positive 
cycle and hence it is cut-off. During the negative half cycle the voltage at the 
anode of D, is positive and it conducts with current ig). Thus, the load current 
and hence the voltage across R is unidirectional as showa in Fig. 12.2(b). The 
currents iz, and ig, are 


V, 
la = pr sin wt 0 S sinwt € 1 
= 0 —1S sin wt <0 
è Voi 
and la тр sin wt —1 € sin wt X 0 
gi | 0 Ssin wt € 1 


The two currents and the voltages are combined in the load resistance R. Hence 
their values will be double of those obtained for the half wave circuit. Thus 


an, 12И | 

Ij. = d = TH (12.9) 
3y. 

Vas rm (12.10) 


la ox (42.11) 


A Fourier analysis of the current, waveform in Fig. 11.2(b) shows that 


i Mor M NS Mm ; 
Ii = Іа + la ОТ E 608 2.0t — Tan °° Pot че шн (12.12) 


As expected, the d.c. term is double of that/in eq. (12.6) for the half wave circuit, 
but then the fundamental frequency term @ is missing in the eq. (12.12). 


| Tem 
The ripple faetor y — | (Lae) 
ripple: factor y= ( i Eo 
ory= 0.48 ; (12.13) 


Eq. (12.13) shows that the ripple factor in full wave rectifier is much less than that 
of the half-wave rectifier. 
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Between the two rectifier circuits, the half wave and the full wave — the 
voltage output, ripple factor and the efficiency of the tull wave rectifier is superior. 
An additional factor in favour of the full wave rectifier circuit is that equal current 
flows through the two halves of the centre tapped secondary of the transformer 
and consequently d.c. saturation of the core is avoided. Half wave rectifier has 
the advantage of a simpler circuitry aud lower cost. 


The efficiency of the rectifier circuit is defined in terms of the d.c. power 
output, to the load and the total power input from the a.c. supply. Thus, in the 
half wave rectifier circuit the total input power is 72. В. We have assumed that 
the diode is lossless but in actual circuits there is an equivalent forward resistance 
В, of the diode. This resistance is the average slope of the v-i characteristic of the 
diode. The tolal input power is thus modified to 72, (А -- Rj). The d.c. 


n - ў 
output power in half wave rectifier is Ij, R= e R. Hence the efficiency 
à à 


Pa 1 В 
Е s Mua ar аа, (12.14) 
Рае "T RM (R + Rp 
Substituting for Z ms = 1,/2 
a Os (4245 
TORT TT NU 5 
y AT 
For the full wave rectifier Pze = I2. R = E R and 
WT 
P,, = I2, (В +R) = 12/2 (R-4 R,) and hence the efficiency is ^ 
n= Pac qn 
Ре 
ар таз А 
PP! (RI R) ; 
0.81.R ODE И 
3 m A 12.16 
or 9 = A+R, hr 216) 


TT gs 
We see that the efficiency of the fullwave rectifier is ideally double of the half 
wave rectifier as expected, The efficiency goes down if the forward resistance of 
the diode becomes comparable to tlie load resistance. The ripple factor in both 
the half wave and the full wave rectiliers is still considerably higher than desirable. 
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The frequency components other than the zero frequency must be reduced by 
some method in order to provide a useful d.c. voltage at the output. The simplest 
technique will be to filter out the unwanted frequencies by a low pass filter. 


Example 12.1.2 

The load resistance in the full wave rectifier circuit of Fig. 12.2(a) is 
0.5 K Ohms and the transformer rating is 230V, 50 Hz primary with 30-0-30 volts 
secondary. The diode resistance is Д, = 50 Ohms. Calculate (i) the peak, 
average and rms values of the current (ii) average value of the d.c. (iii) the d.c. 
power output, (iv) the efficiency and (v) the ripple factor. 


2 
From Jac = is = 38.2 mA 


Lins = Jn = 42.43 mA 


rme V2 
Yas = = 191 volts 


D.C. power output = 13, X А == 729.02 mW 
Total power input == I2, (R + R,) = 990.17 mW 


729.62 


——_ = 9 
99047 73,69 95 


Hence the rectifier efficiency = 


A 


The ripple factor — 0.48 


12.2 Capacitor Input Filter 


One of the commonly used filters is a large capacitor across the load. This 
is done with a view to bypass or provide another low resistance path to the 
harmonics of the rectifier signal. If the reactance of the capacitor Xo < R, then 
the 50 Hz, 100 Hz and 200 Hz signal components, etc are shunted by the capacitor 
and hence very small amounts of these a.c. currents flow into the load R. In fact 
the situation changes dramatically in the case of half wave rectifier with capacitor 


input filter as shown in Fig. 123. 


During the positive half cycle the diode conducts and the capacitor C charges 
to the peak value of v,,. After that the voltage v,, starts falling but the diode 
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(a) Capacitor filter 


(b) Voltage waveform 


ty t2 ` 


(c) D.C current waveform 


Fig. 12:3 Capacitor Input Filter 


cannot conduct because the capacitor C is charged to Vm. Actually the capacitor 
does discharge through the load R but, all the time the cathode of the diode is at 
a higher positive potential than the anode. At time (T +¢,) the input voltage 
again exceeds the capacitor voltage, the diode conducts and charges the capacitor 
again. The capacitor voltage follows the input during the interval 7, to t and the 
diode current flows as shown in Fig: 42,3(c) Тһе" capacitor provides: the load 
current during the period 4 to 7 +t, by discharging through the load. The 
discharge time constantis RC. If this time constant is low then the capacitor 
will discharge more during the interval. The vollage waveform across the load 
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will therefore be as shown by solid line in Fig. 12.3(b). The diode current will be in 
pulses and the load current will be supplied by the capacitor most of the time. 
Of course the time constant has to be large enough and not allow the capacitor 
to discharge much. The output voltage will be nearly constant and the ripple 
will below.  'The performance will very much depend upon the load current drawn 
for a given value of C. 


The iz and V4, can be calculated as follows. The current ig flows in pulses 
when the diode conducts and charges the capacitor. During this interval the 
voltage across the capacitor follows the input supply signal and is equal to it. 
Thus, during ¢, to 2, ; 

v = Vm Sin ot Oti < ot < of, 
and ЕЕ 


Vm sin ot 

Now I = OCHO 
: dv, 
and I, = ur 


or I, = wC Vs cos ot 
‘Hence, during /, to t, 


V, sin wt 
L= —% T + А cos ot 


eo -1 
= RV - !c*R* sin [ wt + tan“ (CR) ] (12.17) 


During the rest of the. cycle Г, = 0 and „== — I, Thus at the time 4, 
immediately as the conduction stops, 


оС Vin cos ot, = — V» sin ot, 
R 
or tan (ot) = — @CR (12.18) 


1 we define the conduction extinction angle 0, = ot,, then 
0, = tan^! (—wCR) | 
We can write tan-1 (оС) = т —tan -\(—oCR) (12.19) 
Hence the diode current of eq. (12.17) сап be rewritten as 


Las үч 1 ro?! m sin (01—01) 
+. Ot « ot < ot, (12.20) 
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Once the diode switches off, the capacitor C discharges through R as 
mentioned earlier. The current J, reduces exponentially with a time constant of 
CR and can be written down as 

— І, = І, = A exp (— 4,/CR) (12.21) 
where А is a constant to be evaluated. Equating the current just before and after 
the time 7, we can write 


- sin o£, = A exp [ —t/CR] 
= A exp [ —ot,/wCR ] 
hence A = T sin (o4). exp [ ot,/oCR ] (42,22) 


The load current is thus obtained from eq. (12.21) and (12.22) as 
І, = T sin (8,) exp [ —(ot — 04) /oCR ] (42.23) 


where wi, = 0, 

Also I, = — I, 

and V, = Vg = Ig-R 
The voltage of the capacitor during the interval when it is supplying current 
is, thus Tig 
V, = Vm. sin (02) exp [ — ot — 0,)/wCR) (12.24) 

The extinction angle 0, lies in the second quadrant and will be between 90? 

to 180° depending upon the value of wRC. Similarly the voltage at the output, 
eq. (12.24), depends upon wCR. Since CR has the dimeusion of time, wCH is a 
dimension-less number. If C or R is large the term wCR will be large and the 
exponential term in eq. (12.24) will approximate unity. The voltage across the 
load will in this case be practically constant. A large R for a given C will mean 
that the load current is small. On the other hand, if R is small and the load current 
is heavy for a given C, then wCR is small and the voltage Vp will drop appreciably 
during the period 2, to T +t. In such cases the ripple will be quite high. We 
come to the conclusion that the ripple factor in a capacitor-input filter circuit is 
very much load-current dependent and will increase with the load current. 


Once the input signal exceeds the voltage across the capacitor at Т Th 
the diode switches on and charges the capacitor. The input voltage at T + й is 
V, = V, = Vm sin (27 -- 0j) - 
= Vp sin ot 
or V, = V, sin б, - o, 2225) 
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where ot, = 0, is the ignition or firing angle. Equating the voitage just before 
and after the time 7,, we obtain from eq. (12.24) and (12.25) 

V, sin 0, = V, sin 05 exp [ —(ot, — 04 + 27)/wCR] (12.26) 
Hence зіп Ө, = sin 0.. exp [ —(8, — 0, + 2m)/wCR) (12.27) 
We see that бү, 0, and wCR are interconnected in a very complex manner, Once 
we select wCR, the value of 0, is fixed from eqn. (12.18) and 0, can be calculated 
from eq. (12.27). Since eq. (12.27) is a transcendental equation it is difficult to 
calculate 0,. Graphical methods are often employed to determine бу. Taking 
а value of wCR for example, we find 0, from eq. (12.18) and plot the left-hand and 
right-hand sides of eq. (12.27) separately for various values of 0i. 


07 
06 
05 
04 
03 
02 
01 


92-81-2503 
“CR 


0 0 2» 30x 40 59 
01:degrees —m 


Fig. 12.4 Plot of Sin 0, and sin 0. exp [ (6, — 6, — 2z)|wcR] for different values of 01. 


Assuming a value of WCR = 10, 0, = 95.71? we have plotted the curves 


Ore y КАҢК 
for sin б, and sin 0, exp {ышк iu Fig. 12.4. We see that two curves 


intersect at P. Hence 0, = 95.71? and 0, = 34. In a similar manner we can 
obtain graphically the values of 0, and 0; for different wCR. We have given a set 
of values of wR, 0, and 0, in Table 12.1, 


Table 121 : Conduction angles in rectifier 


CN a IU ER Ll a Se Se Oe RTT a NA 


wCR ў 0, in. degree 6, halfwaye 1 0, fullwave 
Р п їп degree З in degrees . 
THU GUN eS AG RN KU: ШЫЛА esee b cor TIONIS IY _ 

1 135.0 1 20 
5 101.3 25 46 
10 95.71 34 58 
40 91.4 60 74 
100 90.57 À 72 80 


The voltage at the output follows the input signal for the period 7, to t, and 
then follows the curve of eq. (12.24). "This waveform has been shown dotted in 
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the Fig. 12.3(b). The d.c value of the output can be found by averaging this curve 
over the two periods. Thus 


qui Wess adc ci eene 12.28 
ас = x 7 m Sin ot at дегег. T V, dot (12.28) 


where V, is given in eq. (12.24) 


95 
V, = Vm sin 9. exp [ eL 


Solving eq. (12.28) 
ioo demde а ; 
V= д VA wer. [4 — соз (0 — 01)] (12.29) 


We see from eqn. (12.29) that V,,is strongly dependent on wRC and the 
conduction angle (0, — 0, ). But the conduction angle itself depends оп wRC, 
hence V,, will be a function of wCR only. For a fixed load, WCR will be small 
when C is small, and it will be large for a large C. Thus, for a small capacitor 
the V,, approaches V,,/7. As C is increased, the d.c. output voltage increases and 
approaches V,. Fig. 12.5 shows a plot of wCR versus V4,/Vg. 


full waye 
| 08 rectifier 
0'6 
SEE 
о 
ZAR 2 halfwave 
05 rectifier 
02 
-0 - xd 
0 1 10 100 
LCR —- 


Fig. 12.5 «CR vs. output voltage 


Since the capacitor is charged upto + V,,, the diode has to face a maximum 
voltage of V,, — (— Vm). = 2V,, on the negative half cycle. The PIV of the diode 
is therefore 2 V,,. . The diode current has a maximum and as wCR is higher, the 
peak is more pronounced: The actual current i in the diode can he calculated from 
eq. (12.20). 


In a half wave rectifier with capacitor input filter when the load current is 
increased with C remaining fixed, the ripple increases, the d.c. voltage reduces and 
the performance of the circuit is adversely affected. pren circuits are useful for 
low current applications- only. | ; 
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12.2.1 FULL Wave REOTIPIER WITH CAPACITOR INPUT FILTER 


The capacitor input simple filter described can also be used in full wave 
rectifier circuits. Figs. 12.6 (a), (b) and (c) show the circuit diagram, the voltage 
waveform V, and the current pulses Z}. Once the diode D (say) conducts, the 
capacitor is charged but as the input voltage starts falling, the diode is switched off 
and the load current is supplied by the charged capacitor: During the negative 
half cycle, the diode D, conducts and charges C. The waveform across the 
capacitor is shown in Fig. 12.6 (b) and the diode currents in Fig. 12.6 (c). 


— lg Ij — ү 
> о 
230 V e і | 
Ha | 5 k k 
L^ 
— id? 


(a) Cirċuit dlagram 


(b) . Voltage waveform 


ty te 


(¢) Current . waveform 


Fig. 12.6 Fullwaye rectifier with the capacitor input filters 
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The analysis of this circuit is very similar to the one described above for the 
half wave rectifier circuit. The ignitiom angle. 0; (—:0t,) and extinction angle 
6, (= t,) are determined similarly and eq. (12.27) is modified to. 

sin 0, = sin 0, exp [— (0, +7 — 9.)/wCR| (12.30) 
The eq. (12.30) can be solved graphically. Some selected values of wR, 9, and 
6, are shown in Table 12.1. 


The variation in the V}, due to the variation in wCR, either due to changes 
in the load or due to a change of C for a fixed load, is calculated and plotted in 
Fig. 12.5. The changes in V,, due to change in the load is much less in the full- 
wave circuit in comparison to the half wave rectifier. In ordinary transistor power 
supplies using semiconductor diodes a large value of œf R: is used. This results 
in large peak currents through the diodes when they conduct. Semiconductor 
diodes are capable of withstanding large peak currents. Ripple factor for such 
power supplies will also be quite low. I 


Example 12.2.1 


In a half wave rectifier with capacitor input filter as shown in Fig. 12.3, the 
load resistance is 100 Ohms, C is 500 nF and У "= 30sin 314t. Find (i) the ignition 
angle, (ii) the conduction angle and (iii) the d.c. output voltage. ї 

Now wCR =314 x 500 x 1075 х 100 

2, 
and 0, tan"! ( — 15.7) 
= +93.64° 

From table 12.1 we see that 0, will be approximately between 40° to 50°. From 
eqn. (12.27) we have 

sin 0, = sin 0, exp [ (0, — 05 + 27)/wCR|) 
We will calculate the LHS and the RHS of this equation for 0, == 40°, 45° and 50°. 


б, LHF RHS 
10° 642 709 

45° 107 7056 
50° 766 7017 


We see that the two values are practically same at 45°. Hence 0, = 45° 
The conduction angle is 0, — Ө, = 48.6. 
From eq. (12.29), we have 
Vag = 30 ACE QST) [: — cos (48.6) |: 


2) MINE 


== 25.5 volts. 
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Example 12.2.2 
A fullwave rectifier has R = 500 Ohms and С = 250 pf. The ratings of the 
transformer are 230V/30-0-30 volts. Calculate the conduction angles and the 
value of d.c. voltage. 
We calculate the value of WCR as 
і wCR = 39.25 = 40° | 
From: Table 12.1, for a full wave rectifier with wCR of 40 | 
6, — 91.4 : 
0, = 74 
i hence 8, — 0, = 17.4° 
Figure E 12.1 shows the approximate waveform 


Vm 


ot 
OF S76 Vir 742 
z02 т0! 
(а) Wavelorm 
004 V, 
4. m. 


91 Z* 160° 254° 


(b) Blownup view 


Fig. E124 - 
From Fig. E 12,1 (b) we see that 
When б, = 91.4', the voltage V, is Vm sin 91.4 =: 29.99 volts. At the ignition 
angle 0; the value of V, is V,, sin 74° = 28.84 volts. Ма сап assume that Ид, is 
the average value between the two limits. Hence Vg, = 29.42 volts, 
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12.2.2 RIPPLE Factor CALCULATION 


The ripple factor calculation is quite tedious and complex in the case of the 
capacitor input filters. However, with certain approximations, it can be calculated 
rather easily. For example, we can assume that the charging and the discharging 


of the capacitor is linear as shown in Fig. 12.7. 


amplitude 


(b) Full wave rectifier 


Fig. 12.7 Approximations of the capacitor Voltage 


In the half wave rectifier shown in Fig. 12.7 (a), it will mean that PQ and 
QS are linear. The waveform is triangular. During the interval f, to t, the 
capacitor charges and during the interval 4 to 7 -- /, it discharges at a ‘constant 
rate. While loosing charge the voltage v, is 
V, — 4С 
where g is the charge. 
The rate of loss of charge can be 


Wo cto 
dwt we (aide) 


Now dg/dt = lI, 


calculated as 
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Hence dre = 1% 


mors 12.34 
dwt wC ( ) 
As the voltage falls from Q to S in a time (T + f, — д), the total change is Vp. 
Thus е 
йү, . Y, 
——© = 2___ 12.32 
dwt — 2m .- 0, — 0, ( ) 


Equating eq. 


(12.31) and (42.32), 
peak voltage V, as  - 


we obtain an expression for the peak to- 


Vp "T 
27 + wt, ш. 


on Vo ( 27 + wt, — wot) ) Tag (12.83) 


We can assume that the voltage Va, is in middle of Vp. That is 
Vag = Vine = Vp (12.34) 
= ДВ 
The ripple voltage is triangular with а peak-to-peak amplitude Vp. Its rms. 
value can be found as 
V, 
Vos jr IT 
_ (27+ wh — wh) Tio 
or Vao Үл ТЕК ТОД пуй wC (12.35) 
The ripple factor can, therefore, be written down from еф (12.34) and (42:35) as | 
Vac (27 + wt, — wt) 1 ] 
ШОО EU OQ) wm 
The ripple factor in the case 


of the full wave rectifier shown in Fig. 12.7 (b), can 
be similarly written down as i 


+0 — wh 7 4 
И HT E ox) 
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(7 3-0, —64) (2.37) 
24/3. WCR 
For large wCR values the conduction angle (0, — 9) can be neglected in. 
comparison to 2 л огл in eq. (12.36) and (42.37) and further approximation to the 
ripple factor may be made. 
Example 12.2.3 
In a power supply having an wCR = 40 find the ripple factor if a (i) half 
wave rectifier, and (ii) full wave rectifier is used. 
For a half wave rectifier from Table 12.1, we have for WCR = 40 
0, = 60°, 6° = 91.4 
Hence from eq. (12.36) we have the ripple factor as 
360 .-60 — 91.4. . y4 
Y = d/8x 513 ): (3) 
у = 04 
In the case of the full wave rectifier, from Table 1124 
Ө, = 74, 0, = 91.47 
Hence from eq. (12.37) 
_ (180 Мои M 1 
* | 2/3 х 57.2 10 


= 0.0205 


ory = 


12.3 Inductor Input Filters 


A series inductor may be used to filter out the unwanted frequency 
components at the output. The inductor does not offer any impedance practically 
to the zero frequency or d.c. comnonent but offers a high impedance to the harmonic 
frequencies. 

As long as the impedance of the inductor in the Fig. 12.8 (a) is.higher than 
the load resistance R, the unwanted frequency components are reduced in amplitude. 
The circuit diagram and the waveforms in an inductor input filter in a half wave 
rectifier are shown in Fig. 12.8. The current J, can be calculated as follows. 


Analysing the circuit of the Fig. 12.8 (a) we can write 
4 „Уш sin wt = a RIS (12.38) 


We'assume that Jy = 0'at ¢ = 0, and obtain, by solving the eq. (12.38), the currant 
through the diode as ) 


426 


fa) Cireut diagram 


amplitude 


(b) Current waveform 


Fig. 12.8 Inductor Input Filter. in Half-wave rectifier 


V, 


m R 
оо in 0. EER 12.39 
Ia VE нәп *" (wt — 6) + sin 4 ехр [ wt al (12.39) 


Where /,, = max value of the current f, - 


Vin 


3» VR ш? p 


going above the average value. (nce the Current falls below the average value, 


the inductor releases its stored energy and supplies current. to the load. - Тһе 
current in eq. (12.39) consists of two parts. The first part 
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y. 
i, = RID sin (wt — 0) i (12.40) 


is the usual steady state current produced by the voltage V,, зіп wt. The second 
part 


» VQ sin 8 R 
П = атар [-0. 2d : (12.44) 


depends upon the inductance and decays slowly as the inductance is increased. 
At time ¢ = 0, the current J, = 0 since both J, and I; are of opposite sign. The 
current increases slowly, peaks after a time ¢ = 7/2 and exists for a considerable 
period after that, as shownin the figure. The average value of У, is small and 
hence the half wave rectifier with inductor filter is not used. 


12.3.1 FunLWAVE REOTIFIERS 


The full wave rectifier with the inductor input filter is shown in Fig. 12.9(a). 
The current and voltage waveforms are shown in Fig. 12.9(b) The currerit in 


(a) Circuit. diagram 


amplitude 


(b) Waveforms 
Fig. 12.9 Fullwave rectifier with. inductor input filter 
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individual diodes is shown dotted and hence the total current 14 through the load 
resistance R is as shown. The individual currents overlap and thus Jy flows 
throughout the cycle. The d.c. voltage in fullwave rectifier was shown to be, 


21, ^ . . 
(eq. (12.12) ), IM However, in practical inductors there is a loss associated 
м т 


with it and the equivalent circuit is a pure inductance in series with a resistance 
R, which accounts for the losses. Thus the d.c. voltage at the output in Fig. 12.9(a) 
is 


Vin R 
= = 12.42 
Vac E RE Ri (12.42) 
2V 1 iw 
and d. dp d ore: (12.43) 
It can be shown that the ripple factor is approximated as 
0.236 
Sia 2.44 
= wL/R Han) 


An illustration of the calculation of eq. (12.44) is given in the example 12.3.1 

In direct contrast to the capacitor input filter the ripple factor in the inductor 
input filter decreases as the load current increases, ‘The d.c. output voltage is 
higher in the capacitor-input filter. However, in actual circuils slightly more com- 
plex filters with full wave rectifiers are used to improve the ripple factor and the 
regulation. 


Example 12.3.1 


A full wave rectifier with a transformer having 230 V, 50 Uz. primary and 
30-0-30 V. secondary uses an inductor input filler. The inductor has Z= 10 It, 
О == 10. If the load resistor is:500-Obma find Vier lye and the ripple factor. 


Since Q = UL = 10 
R, 
hence the equivalent loss resistance R, of the coil = En. 


= 314 Ohms. 
From eq. (12.42) 


2 x 30 


500 
V. E Ao de ge, ü — E 
d Eu И 11.73 volts. 


Ek 
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From eq. (12.43) 


lac = was = 23.46 mA 
From eq. (12.44) 
0.236 
РИН 0.061 


If we assume that the output has only the d.c. and second harmonic present at the 
output of the fullwave rectifier then 
from eq. (12.12) 


? 2y, 
d.c. voltage component- P 


4}, 
cond harmonic» ==" 
3x i 
We can calculate Г,, as the cusent aue to the second harmonic component of the 
input signal. Hence 


AV 1 /4 x 30 


A (an ENT. 
LUE ee ee 
«7 VBIRASGASD УВЕО x ЗА). 100 
= 1422 mA 
Hence ripple factor can also be calculated as 
I,e - 1.422 
= Ж TUS ри 0.061 


which agrees with the result quoted above. 


12.4 LC Filters 


A capacitor input filter circuit has the disadvantage that the diode peaking 
current increases as the value of C is increased in order to reduce the ripple ata 
given load. `The inductor input filter gives a lower output voltage but it reduces the 
peak currents through the diode rectifier. A combination of L and C eliminates 
the undersirable peak currents of the capacitor input filter and gives a very smooth 
output voltage. A fullwave rectifier with an LC filter is shown in Fig. 12.10. 
The inductor is in series and the capacitor is in shunt across the load. Itis diffi- 
cult to calculate the conduction angles eto. The behaviour of the circuit can be 
analysed in two parts. At low currents the effect of the inductor is negligible 
and the capacitor charges to the peak of the input voltage. The capacitor discharges 
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230.V 
50Hz 
ac 
(a) Circuit: dlagram 
\ Мас 
v 
E E 
а 
© 
t 
(b) Waveform 
Vm 
` 
Ы 
ire. ш 
wef | | 
, t 
ЧҮЛ sug у 
Icrit Iac att 


(с) Voltage — Current. output 


Fig. 12,10 Full wave rectifier with LC filter 


lo supply the load current, Ag the load current increases the Voltage across the 
capacitor is reduced because of the larger discharge, For such low value. of 
currents, the energy stored in the inductor is too small to matter: - The conduction 
time may be slightly lengthened as the Current increases, 


As the current increases still further, the Capacitor discharges stil] further 
but the inductor effect starts becoming noticeable, Аз explained in Connection 
with inductor input filter, the current is maintained once the conduction angles of 
D, and D, overlap. The energy is stored in-the magnetic field of the inductor and 
it supplies the current thoughout the cycle. The current flow under such con- 
ditions is shown in Fig. 12.10(b). The T3; —V 4, is shown in Fig. 12.10(c). "The dotted 
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curve indicates the fall in the output when the inductance effect is not predomi- 
nant. Beyond a certain current J (critical), the inductor stores the energy and the 


current is continuous giving a voltage that is fairly constant with the load 
current, 


As in the example of E12.3.1 the effect of various frequency components 
present at the input can be calculated individually and the total effect summed up. 
In the full wave rectifier, the eq. (12.12) shows that various frequency components 
are 


Vn 


d.c. 


AV m 
210 За 


AV m wd 
157 


4w 


If we neglected 4w and other higher frequency terms as negligible in comparison to 
dc and the second harmonic, then the ripple factor in the 2С filter can be calculated 
easily, In the region where Jz, < Тн: and the current is continuous in the in- 
ductor, we can further assume that wL = X; is much larger than X,, and X, << R. 
Also X; is much larger than R and hence the only impedance in the circuit is Ху. 
It means that with all these assumptions we can write 


2Ү,, 4, 


ms ri cos 2wt 
"of AV 1 1 б 
and Tue = ( 5) qti wir (12.45) 


2y, ; 
where J,,, is the r.m.s. current. Since —™ is the d.c. component Vas eq. 
5 7 А 


(12:45) can be written as 


ae 


VaY. 1 
3 «d 


The d.c. term does not produce any drop across the inductor since it is assumed to 
be lossless. We have X,<< R, hence an approximation, 


Vac = dis X, 
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(a) Circuit dlagram 


Vac 


amplitude 


(b) Wavetorm 


(с) Voltage — current output 


Fig. 12.10 Full wave rectifier with LC filter 


10 supply the load Current. As the load current increases the voltage across the 


capacitor is reduced because of tho larger discharge, For such low value. of 


currents, the energy stored in the inductor is too small to matter. The conduction 
time may be slightly lengthened as the current increases. 


As the current increases still further, the capacitor discharges still further 
but the inductor effect starts becoming noticeable, As explained in connection 
with inductor input filter, the current is maintained once the conduction angles of 
D, and D, overlap. The energy is stored in the magnetic field of the inductor and 
it supplies the current thoughout the cycle. The current flow under such con- 
ditions is'shown in Fig. 12.10(Ь).: "Һе Tj; —V, i$ shown in Fig. 12.10(c). ‘The dotted 
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curve indicates the fall in the output when the inductance effect is not predomi- 
nant. Beyond a certain current Г (critical), the inductor stores the energy and the 
current is continuous giving a voltage that is fairly constant with the load 
current. 


As in the example of Е12.3.1 the effect of various frequency components 
present at the input can be calculated individually and the total effect summed up. 
In the full wave rectifier, the eq. (12.12) shows that various frequency components 
are 


2 
d.c. Vm 
т 
AV m 
210 qus 
Wn | 
MEIST 


If we neglected 4w and other higher frequency terms as negligible in comparison to 
dc and the second harmonic, then the ripple factor in the LC filter can be calculated 
easily. In the region where £j, < 1,4," and the current is continuous iu the in- 
ductor, we can further assume that wL = Ху is much larger than X,, and X, << R. 
Also X, is much larger than R and hence the only impedance in the circuit is Ху. 
It means that with all these assumptions we can write 


VW, 4, 
JA -gue 372 608 2wt 
EAN 1 1 
and Tag eu ( =") a apes wage (12.45) 


2y, 
where Т is the r.m.s. current. Since —P js the d.c. component Vae eq. 
Пт ^ 


(12.45) can be written as 


The d.c. term does not produce any drop across the inductor since it is assumed to 
be lossless. We have X, << А, hence an approximation. 


Vao Та, X, 
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е 
"Therefore, Bie Ye X, (12,46) 
d X, 
From eq. (12.46), the ripple factor is calculated as 
Leu V2 1 0.471 
= 1-88 nec Minni ш Dari aot PAS 12.47 
MERGER. o rales (12.47) 


_449х 10;*` 


50 Hz. ly, 
For a 50 Hz. supply. ? LC 


(12.48) 
This shows that the ripple factor is quite small for moderate values of L and C in 
an actual circuit. We have assumed that there are two components in v,, — the 
d.c. and the second harmonic component. The critical current, Tortica) beyond 
which the current in the inductor becomes continuous, occurs when the peak a.c. 
current is equal to Z4,. The /,, is contributed by the d.c. component and the peak 
a.c. current by the second harmonic component of the input v,,. Therefore 


285 AV. ^ AV, 
Rin 3m (X,)2W0 Зт QwL) (249) 


where the impedance of the filter circuit has been assumed to be dominated by the 
Xz. As mentioned earlier it is assumed that X; > Xo Xo « Rand X, >R. 
From eq. (12.49) we obtain 


R=3 wh (12.50) 
or Diss B а Rx A95 12.51 
SH 3w ( . ) 


This is the critical value of the inductor. For a given load R, the inductor 
must be larger than the value given in eq. (12,51), Now 


2, 
li = Sm. 


From eq. (12.50) at the critical point, lotos; i8 Obtained by substituting for R 


lug d. 
critical = BvL) 


0.242 V... 


(42.52) 


lugar = 
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We must ensure that at least this current flows in the circuit all the time. 
A standard method is to connect a resistance across the capacitor as a bleeder resis- 
tance. Even with no load, a fixed current (Г...) is drawn from the circuit, to 
stabilise the operation. As and when the long current is drawn, the circuit supplies 
the current. 


Example 12.4 


In a full wave rectifier circuit using an LC filter, it is given that L = 10 H, 
С = 100 pF and R = 500 Ohms. Calculate the T46, Ља, lam Vao Vao and 
ripple factor if V,, = 30V. 
X, = 2wL = 2 X 314 x 10 = 6.28 К Ohms. 
1 


1 
Ao КЕЛЕД ап 000109 T улун 


Hence X, > X, 


and X, «& R 
as the required assumption for the simple analysis. 
2. 
Ya, = 20а: Mo. — 19.09 volts. 
T т 


Ta, = D 38.2 mA 


у: fva ` 49.09 
From eq. (12.45) Tao P = 5 SX FX OU 344 x 19^ 
== 1.43 x 107% 
Vo = Ius Xp = 143 X 40075 x 45.9 
= 22.7 mV. 
Ve, _ 227 x 103 
= —— =ч . b 1 
hence y Y. 19.09 - z 1.19 x 107° = 00119 


. D.C. power output = Ve, I, = 19.09 x 38.2 = 729.24 mW. 


From eq. (12.52). 


0.212 х.30 


Тн ot О 20 Me 
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19.09 
It will be necessary to. connect a bleeder resistance of value less than 3055 ^ 


9.49 K Ohm across the output. 


12.4.1 ОТО FILTER » 


A capacitor input LC filter has the configuration shown in Fig, 12.11. Since 
the capacitor C, is at the input of this filter, the output voltage V, is higher than 


== 


Vo 


= 
rectifier 


Fig. 12.11. CLC Filter 


that of the LC filter of the previous section. The oulpul vollage may approach 
Vm for low currents. The ripple factor is also small. However, for large load 
currents, ie. small R, the capacitor C, discharges and the outpul voltage falls. 
A large value of C, is desirable if this is to be avoided, Now the peak surge current 
through the diodes of the rectifier will be very large for a large C,. Hence this 
type of filter is suitable for low load current applications like home rectifiers etc. 
and for rectifiers using semiconductor diodes where the peak currents are not a 
problem. The ripple increases with the load current unlike the LC filter where the 
ripple is independent of the load, . 


12.5 Bridge Rectifier 


A bridge rectifier circuit is shown in Fig. 42.42, As the name suggests the 
four diodes are connected in a bridge and circuit is a full wave rectifier. One of 
the main features of the bridge rectifier is that it does not require a centre tap 
‘transformer. On the positive half of the cycle, the current flows from A through 
Dı, R, D, and back to B. During the negalive half cycle the current flows from 
B through Ds, R, D, and back to A.. The current through the load R is in the Same 
direction during the two half cycles. The GLC filter has been shown as an illus- 
tration only. When D, and D, conduct the diodes D; and D, are reverse biased 
and vice-versa. The peak inverse voltage across the diode is Үл only whereas it was 
2V,,in the full wave rectifier circuit, The current flows all the time in the secon- 
dary of the transformer of the bridge rectifier, as against the full wave rectifier 
-where the current flows half the lime in each winding of the centre-tapped trans- 
former. The current rating of the transformer in the bridge rectifier is thus about 
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Fig. 12.12 Bridge Rectifier 


2/3 of the rating of the same transformer in the full wave circuit; It other words, 
a larger transformer of larger ratings will be used in the bridge circuit for the same 
rectifier load current specifications. Í 


12.5.1. VorrAaE DOUBLERS 


For the same transformer ratings the d.c. output may be doubled by using 
a voltage doubler shown in Fig. 12.13. Such circuits are useful only when the load 
current is very small. Consider the circuit of Fig. 12.13(a) called the full wave 
voltage doubler. During the positive half cycle the capacitor. C, gets charged. to 
V,, as shown. Similarly during the negative half cycle the capacitor Cs is charged ; 
to V,. The voltage across the points CD where the load R is connected is thus . 
2V, The doubler in Fig. 12.13(b) can be analysed as a clamper followed by a . 
half wave rectifier. - Thus, С, and D, behave like a clamper. wherein, the voltage 
at the point A is clamped to zero and cannot become negalive. » The voltage Vys 
is Vm sin wt as shown in Fig. 12.12(c). After the clamper, the voltage Ид is a sine 
wave with Vm as the average value. The rectilier D, and the capacitor C, produce 
Vo shown dotted in: the figure. The: dic. voltage is 2V,,. Among the two doubler 


du a 


ac 


(a) -Fullwave 
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Vo 


clamper |. rectifier 


(b) Half wave 


4 \ Т 
-—--—-X-ld. -—«——.4-— 
П П 
\ j 2Vm \ й Y i 
NE 


(c) Waveforms for (b) 
Fig. 12.13 Voltage. Doublers 


circuits shown, the full wave circuit has the advantage that the ripple frequency 
is twice the supply frequency, and the maximum voltage across each capacitor is 
only V,. Filtering is therefore easier. In the half wave circuit, the ripple fre- 
quency is same as the supply frequency and the voltage across C, is 2V,. Regula- 
tion of the full wave doubler is much better than that of the half wave one. One 
disadvantage of the full wave circuit is that there is no common ground point bet- 
ween the transformer and load. 


The principle of the half wave doubler can be used to make a trippler and a 
quadrupler circuit. If the diode D, Fig. 12.19(b) is returned to V„ instead of 
ground, the output voltage will be ЗУ,, A trippler circuit is shown in Fig. 12.14(a) 
Two doubler circuits connected back-to-back in Fig. 12.14(b) give a quadrupler 
circuit. С,, D,, D}, C, form a doubler while С. Ds D, C, form another doubler 
but with D, connected in such a way that the positive voltage is clampled to zero 
at the point В. V, is therefore 4V,,. j 


12,6 Voltage Regulator 


i So far we have discussed the rectification followed by filteration of a.c. signal 
in order to obtain a d.c. voltage. In some cases we have seen that the output vol- 


ee ОН 
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Vac= 
Vm sin wt 


(b) Quadrupler 


Fig. 12.14 Voltage Multiplying Circuits 


tant for load current or input voltage variations. In almost all applications of 
electronic circuits using transistors or IC circuits it is important,to have a constant 
voltage source for the d.c. supply. The fillered signal output of the rectifiers dis- 
cussed in the earlier sections can be regulated to obtain the desirable characteristic 
of the d.c. source. Two regulation terms need be defined in. this-context, They 
are Load Regulation and Line: Regulation. : 


Load Regulation’: Load Regulation is defined as the percentage change in 
the output voltage fora change in load current from the minimum to the maximum. 
Thus и 
Load regulation = Kot Mum x 100 ; (12.53) 

(percentage) Vo(miu) : | (da : 
where, V, (min) = the output voltage V, for the minimum load current. 
V, (max) = the output voltage V, for the maximuni load. currenti 626 


) 
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Line Regulation : Line regulation is defined as the percentage change in 
the regulated output voltage for a change in the input voltage. 


(297 


line regulation. = AY, 


1 
2 : 12.54 
) a 400 (12.54) 


where Д V, = change іп the regulated output voltage 
A Vin = change in the input voltage 
V, = output voltage. 


Vin 
(unregulated R 
voltage (toad) 
input ) 


| 


A good power supply should have low load and line regulations. The basic circuit 
diagram of an automatic voltage regulator. is shown in Fig. 12.15. The series 
transistor T, controls the output voltage V, which is the difference of V,, and the 
drop Veg across the transistor. The drop Vog is controlled by the base current 
Ig. Thus Т, behaves like a variable resistor and any change of voltage is absorbed 
by it as a change of its resistor value. The output voltage V, is sensed by a vol- 
tage divider consisting of R, and R, The voltage V, is compared with a voltage 
reference source Ve, and the error is amplified by an error amplifier A. The 
output of the amplifier drives the base current Ij. 


Fig.12.15 Regulated Power Supply 


і Let us assume that the load current J, increases due to some reason. A 
large load current will mean that the voltage V; drops from its normal value. The 
voltage V, will thus momentarily reduce. Since V,,, = V, remains constant, the 
output of the error amplifier А goes positive or higher because of the polarity of the 
connection. The sense signal V, is connected to the Inverting input of the error 
amplifier. The curent J, will therefore increase, resulting in a smaller Vor drop 
across 7, The smaller Vc; will compensate for the fall in V, and hence the voltage 
is restored to its original value. Similarly if V, increases, V, increases and the 
output of the error amplifier reduces, reducing fs and hence increasing Vog: This 
will mean that the change in V, will be restored. Thus we see that V, is regulated 
against load. current variations. Load regulation of 0.05% for small current 
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variations is quite common in regulated power supplies. For larger current varia- 
tions like 1 to 50 mA, the load regulation may be 0.1 to 0.2%. 


The regulated power supply of Fig. 12.15 provides good line regulation also. 
For example, if V,, increases due to some reason while the load current T, is cons- 
tant then V, will momentarily increase. Automatic regulation will occur and the 
drop Von will increase to make V, almost constant. Line regulation of 0.1 to 0. 5% 
of V, is easily available in regulated voltage supplies. 


The reference voltage А грр is obtained from V, by R, and zener diode combi- 
nation. For larger current J,, number of series transistors may be connected in 
parallel to handle the total current. The error amplifier, the series transistor and 
Үрер source are available in a chip form for moderate currents ‘of 50—100 mA. 
Many regulator chips with different ratings are available in the market. To in- 
crease the current rating of these regulator chips larger power series transistors 
are connected across 7, from outside. 


The regulated power supplies have additional features like short circuit pro- 
tection and current limiting circuits, etc. They have very low temperature drifts 
and a drift less than 0.015% per degree centigrade is easily available. The regulator 
works equally well for negative voltage power supplies. In the IC chip regulators, 
both fixed as well as variable output voltage regulators are available. 


R3 
(optional ) 


NON 
INVERT- 
ING 


Fig, 12.16 Voltage Regulator Using uA 723 


A regulated power supply using А723 regulator chip is shown in Fig. 42.16. 
This regulator can be used for a range of input voltage Уу = 9,5—40V. The 
Vrep™ 1.45 volts nominally. The Vin voltage output Vou is 


Vour = ен ГЕР =) (12.55) 
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The current limit resistor Ryo is calculated from 


Vsense 
жеши з 
Sc 
where Is; is the short circuit: current 
and, Very” = sense voltage across the Ryo 
specified by the manufacturer. 
The voltage тен is temperature dependent. If the maximum ambient tempera- 
ture is say + 85°C, then Узе is = 500 mV. Chart is available for Vsgysg УЗ. 
Temperature for the А723 chip. The higher limit of 85°C is adequate for most 
applications. 
The resistance R, is optional but its value, if used, can be fixed as the parallel 
combination of Ry and R, ie. 


BECK 
eR ЕН, 
While making a power supply with this chip care should be taken to see that the 
impedance at the INVERTING or other terminals is greater than 2K Ohms, This 


chip can be used for a maximum load current of 150 mA without. any external 
series transistor. 


Example 12.6.1 


Design a regulated power supply to give 12V and 0-50 mA current. The 
input voltage variation is 20—32 volts. It is desired to limit the current to 80 mA 
if ambient temperature does not exceed 85°C, 

Let Vggp = 7.1 volts for this chip 
Now 1-+R,/ B, = Voyr — Vrer 
therefore — R/ R, = 3.9 ipis 
If we ensure that R, || R, = > 2K Ohms, then let 


~ 


mU 
R, XR, = рК Ohms. 
or I a 2K Oh 
(АА, Т. 


hence R, — 98 К Ohms and R, = 2.512 К Ohms. 
Taking Vszysg = 500 mV. 
and given that Г, = 80 mA, we get 


500 
Hsc = ^80 = 6,25 Ohms 
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and Дз = 2 К Ohms for minimum temperature drift. 
The values of R,, R,, Rs and Ry, can be connected as in Fig. 12.16 to obtain the 
desired regulated power supply. The load regulation (max) specified by the manu- 
facturer is 0.2% of Vor, from 1 to 50 mA. Similarly the line regulation is 0.596 
of Уор (12-40V.). The temperature coefficient is 0.01596 per degree centigrade. 
A good rule of thumb for the design of the regulators is to keep the current 
coming out of the Уррр terminal equal to 1 mA. This will mean that R, || R,—7.1 
K Ohms. 


Review Questions 


12.41 Why is the ripple factor of the half wave rectifier higher than that of the full- 
wave rectifier ? 1 

12.2. What are the frequency terms present at the output of the half wave recti- 
fier ? 

12.3: What is the required PIV of the diode in the half wave rectifier ? 

12.4 What are the frequency terms present at the output of the full wave 
rectifier ? 

12.5 What is the ripple factor of the fullwave rectifier ? 

42.6 What is the effect of putting a large capacitor at the опірні of (i) half wave, 
(ii) full wave rectifier ? 


12.7 What are the (i) extinction, (ii) ignition and (iii) conduction angles in a 
(a) full wave, (b) half wave rectifiers ? 


12.8 What is the ripple factor of a capacitor input filter i in a (a) full wave, (b) half 
wave rectifiers ? 

42.9 Compare the diode currents of the capacitor input filter and the inductor 
input filter in full wave rectifier circuit. 

12.10 In an LC filter used at the output of a full wave rectifier, show that the 
current flows continuously in the inductor. 

1241. What is І,нсаг ? 

42.42 Why should there be a critical value of inductor in an LC filter ? 

42.43 What is the ripple factor in an LC filter ? 

4244 What are the advantages of a bridge rectifier ? 

12.15 Compare the required PIV of the diode used in bridge rectifier with that 

' in full wave circuit ? 

12.16 Why is the transformer required in bridge rectifier il in size? 

12.17 How does a voltage doubler operate ? 


12.18 What are line and load regulations ? 
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12.19 What is the function of the error amplifier in the automatic voltage 


regulator? ^ 


12.20 What is the function of the current limit in the vollage regulator ? 


Problems 


P124 


P12.2 


Р.12.3 


Р.12.4 


P.12.5 


P.12.6 


ppm 


P.12.8 


P.12.9 


In a half wave rectifier wilh 30 V, 50 Hz. signal input find Vi, £5, Tpm 
ripple factor and efficiency if the load R is 100 Ohms. What is the PIV 
of the diode required ?. 

Repeat Problem 12.1 for a full wave rectifier. Coinpare the performance 


of the two. circuits, 


In'a capacitor input. full wave rectifier circuit, the transformer secondary 
has 15-0-15V rating and the load resistance is. 6.4 Ohms. The capacitor 
used is 5000 uf. Find V}, Tac, ripple factor and the power input and out- 
put of this supply (hint : You have to find rms for calculating the power 
input which is 72, < R). 

Repeat the problem 12.3 for a half wave rectifier. What are the peak 
currents in the diodes in the two cases ? 

In Problem 12.3, if the load is changed to 12.8 Ohms with everything 
else remaining the same then what will he the load regulation ? 

A full wave rectifier uses an LC filter with the following specifications. 
The transformer secondary has 15-0-15V: rating, the load R = 6.4 Ohms, 
С = 500 uF. Find the minimum value of the inductor required and 
select a suitable value to obtain à ripple less than 0.01 volt. Find Vio 
Tao Тас and Тн. What is the bleeder resistor required ? 

An inductor input filler is used in a fullwave rectifier circuit. The 
Vac = 30V., 50 Hz. and R= 50 Ohms, Find the value of L to have a 
ripple of less than 0.02 volts, What is the Vio Tac and power output of this 
supply. UH 

In the voltage doubler of Fig, 12.13(b), estimate the values of Ci anü-C, 
if Vag = 10,000 sin 27. x 40. 10* x ¢,.. What is the PIV of the diodes 
used? Assume R = 1 Моћ, 


Sketch the waveform in the voltage tripler circuit of Fig. 12.14(a) at the 
points 4, B, C and D. 


P.12.10 In the voltage regulator using 4723 chip, the oulpul voltage required is 


+15 volts with Уу, = 22-30 volts. The maximum current desired is 30 
mA with a current limit of 50 mA. The ambient temperature is 85? C. 
Select values of R,, Ry, №, and Ryo in Fig: 12.16. 
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Laboratory Experiments 


Hight experiments have been suggested here as a supplement to the theory 
course on Basic Electronics. Depending upon the. time available and the level of 
the students concerned they may complete the whole experiment or may do a 
part only. ! 


The first two experiments are meant to familiarise the student. with, the 
electronic devices, components and general laboratory instruments. For example, 
in experiment 4, it is expected that the Laboratory Instructor will arrange a display 
of all the components and devices mentioned and explain the details of the various 
items. Only the topics are mentioned here and the details are left for the Instruc- 
tors to fill in. Sinilarly, in experiment 2, the instrumentis mentioned are to be 
demonstrated and the details given to the students, Towards the end, the students 
should be allowed to use the oscilloscope and measure various waveforms elc. 


From experience it has been found that though the transistor amplilier is the 
basic amplifier circuit, the students find it extremely difficult to start with. With 
the modern trend of using OP-AMPS as the basic amplifier in a black box 
it is also convenient to start the amplification idea with OP-AMPS and take up 
transistor amplifier at the end. 


The students find the logic circuils and the digital experiments very interesting 
and stimulating. Since they do not have any earlier exposure to these ideas we 
have found it expedient to give a one-hour lecture/demonstration before the 
experiment is started. 


EXPERIMENT NO. 1 
Components and Devices 


Aim : Familiarization with components and devices used in Electronic circuits 
and systems. dc ATE : , 
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1. Resistances : 
(i) 
(ii) 
(iii) 
(iv) 
(v) 
(vi) 


(vii) 
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Range or values 

Types like wirewound, carbon film, metal film, etc. 
Stability ; 

Accuracy 

Percentage tolerance 

Wattage — power dissipation 

Colour code. 


2. Variable Resistances—Potentiometers Д 


(i) 
(ii) 
(iii) 
(iv) 
(y) 


(vi) 


Range of values 

Types like wirewound, carbon film, etc. 
Tubular preset, rotary, helical, etc; 
Linear and logarithmic 

Wattage 

Accuracy. 


3. Capacitances :' 


(i) 
(ii) 


(iii) 
(iv) 
(v) 
(vi) 


(vii) 


4... Inductances : 


(i 
(i) 
(iii) 
(iv) 

б) 


Range of values 


Types like air, paper, ceramic, miea, polysterene, 
electrolytic, etc, 


Accuracy 

Percentage tolerance 

Voltage rating 

Shape — disc, tubular, ganged 
Padders and trimmers. 


Range of values 

Core — air core, ferrite соте, etc. 
Chokes 

Q values 

Variable inductance—variable core, 


- 9. Transformers : 


(i) 
(ii) 
(iii) 


(iv) 


Power transformer—ratings 
Audio transformer 

т. f. transformer, core materials 
Pulse transformer 


foil 
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6. Diodes : 
(i) Vacuum diodes—ratings 
(ii) Semiconductor diodes—germanium, silicon ; барь. 
(iii) Selenium rectifiers 
(iv) Power diodes—ratings 
(у) R.F. diodes 
(м) LED 
(vii) Photodiode, tunnel diode, etc. 
7, Transistors : 
(i) BJT — germanium, silicon ; ratings. 
(ii) Frequency of operation 
(iii) FET — ratings 
8. Tubes : 
(i) Triodes—ratings 
(ii) | Pentodes—ratings 
(iii) Power tubes. 
9, І. C. Circuits : 
(i) NAND GATE 7400 
(ii) Op-Amp. 741 
(üi) Regulator Chip 723 
(iv). Flip-Flop 
(v) Timers NE 555, etc. 
10. CRT: 
(i) Size—ralings 
(ii) Persistence 
(iii). Colour of the screen 
(iv) Sensilivity, etc. 


EXPERIMENT NO. 2 


Laboratory Instruments 


Aim : Familiarization with Laboratory Instruments. 


V Multimeter : 
(i) Range of measurements, frequency, ete. 
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(ii) 
(iii) 
(iv) 
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No. of functions 
Input impedance and sensitivity 
Analogue and digital display, 


2. Audio Oscillator : 


(i) 
(0) 


(iii) 


Range of frequency | 
Output voltage and impedance level 
Accuracy and stability. 


3. Waveform Generators : 


(i) 
(ii) 
(iii) 


(iv) 


Type of waveforms generated 
Range of operation 

Output voltage and impedance level 
Linearity and stability. 


4. Pulse Generators : 


(i) 
(ii) 
(iii) 
(iv) 
9. Voltmeters : 
(i) 
(ii) 
(iii) 
(iv) 
(v) 
(vi) 


(vii) 


Range of operation, frequency 
Minimum pulse width generated 
Output voltage and impedance levels 
Stability and accuracy. 


Digital voltmeters and vacuum tube voltmeters. 


: Range of measurements 


Frequency of operation 

Input impedance 

Stability and accuracy 

R. M. S. and average value reading instruments 
D.C. voltage measurement. А і 


6. Oscilloscopes : 


(i) 
(ii) 
(iii). 
(iv) 


(v) 


Single beam and double beam/trace oscilloscopes 
Sensitivity and bandwidth of the vertical amplifier 
Trigger and synchronization 

Calibration of time and amplitude 

Various measurement functions., 


Aim : 


(1) 


(2) 
(3) 
(4) 
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EXPERIMENT NO. 3 


Operational Amplifier 


To measure the voltage gain, the frequency response, the input impedance 
and the output impedance of (a) Inverting amplifier (b) Non-inverting 
amplifier, using an Op-Amp. 

To use the Op-Amp. as a summer. 

To measure the input impedance and the voltage gain of a voltage follower. 


To use the Op-Amp. as (a) a differentiator and (b) an integrator. 


Procedure . 


(4) (а) £nverting amplifier : 


Pin nos. 1 and 5 —e off-set null 
8 —» no connection 


Fig. A 3.1 : Inverting Amplifier, 


Connect the amplifier as shown in Fig. A 3.1. 


Measure d.c. voltages at all the pins of tlie op-amp by preferably a digital 
voltmeter (high input impedance). 

Connect a signal source al. the input terminals setting the frequency at 
say 1 KHz and output (o zero. 

Connect an oscilloscope al the output terminal and observe the output 
by increasing the signal input slowly. The output signal will-start increasing 
in amplitude and would finally be distorted beyond a certain input level, 
Don't increase the input any more and measure the input signal by au 
electronic millivoltmeler. j и 
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(б) 


(vi) 


(vii) 


(viii) 


NT 


(x) 


(xi) 


хн) 
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Set the input level to a value much smaller than the one nieasured in (iii). 
Observe the output and input waveforms. Ensure no distortion at the 
‘output. j 


Measure the output and input voltage levels using CRO as well as electronic 
voltmeter. Calculate the gain and compare with the theoretical value. 
Measure the phase difference between output. and input signals. 


Change the signal frequency from say 10 Hz to 1 MHz in steps keeping 
the input level fixed as above, Suggested steps. are 10, 20, 50, 100, 200, 
500, 1000, 2000, 5000, 10K, 20K, 50K, 100K, 200K, 500K and 1 M Hz. 
Measure and tabulate gain at each of these frequencies observing the output 
in scope every time. Note any distortion. Plot gain in dB versus the 
frequency on a semilog (5 cycles) graph paper. Mark and note, down 
the 3 dB frequencies and obtain the bandwidth of the amplifier. 
Compare the experimental results with the theoretical ones. 


The capacitor (oF is optional. Uso it if you want an A.C. coupled 


. amplifier. Remove it if you want D.C. coupled amplifier 


When the input is measured with the signal source connected in the circuit, 
the source res'stance is ineffective in gain measurement. Source resistance 
does affect the gain in practice. To take its effect into acconnt, measure 
the voltage level of the source under the open circuit condition 
(disconnected from the circuit), 


To measure input impedance, connect a resistance R, of the same order 
as the expected input impedance (say 10K Ohm here) between the signal 


Ry 


input 
fs 


^ AMPLIFIER 
Vs 


Fig. A 32 : Set up for measurement of Input Impedance, 
Set the amplitude of the signal source at twice the value und the frequency 
at the same value as in (v) and (iii) respectively. 


Observe the output with and without R, in circuit and ensure no distortion 
by reducing the input level if necessary. 


(xiii) 


(xiv) 


(xv) 


(xvi) 
(xvii) 


(viii) 


(xix) 
(xx) 


(xxi) 
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Measure the output without A, in the circuit; Call it Vj. Measure 
the output with R, in the circuit. Call it Vj. Calculate the R,, by 


Prove the formula in (xiii). Remember that R, is part of the amplifier. 


To measure the output inipedance connect a variable resistance (decade 
resistance) box across the output terminals through a large capacitor 
(say 100 Mfd) as shown in Fig. A 3.3. Keep high resistance initially. 


C2 (optional) 


Input Output 


AMPLIFIER 


Fig. A 3.3 : Set up for measurement of Output Impedance. 


Set the input amplitude and frequency as in (iii) & (v). 

Reduce the resistance step by step and observe the output waveform. 
If it gets distorted, reduce the input level. 

When the external resistance is comparable say less than ten times the 
output resistance, the output would be decreased in amplitude. Avoid 
any distortion by reducing the input level. À 

At this point measure the output Vo, without the external resistance. 
Then connect the external resistance as arrived at (xviii) and measure the 
output Vy, The output resistance Ry is given by 


R, alot HYR; 


R, is the value of the external resistance. Derive the formula. 


The capacitor should be large so that there is practically no signal voltage 
drop across it at the test frequency. Since the resistances are small, 
the capacitor has to be very large. "Test frequency may also be increased 
within the bandwidth, Я 

If the output signal level does not reduce with the smallest resistance 
connected, the output impedance is qo smaller than the external 


темасы 
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xxiii) You can change the gain of the amplifier by either changing, А or R, 
or both. Try. 


4. (b) Non-inverting Amplifier. 


Fig. A 3.4 : Non-inverting amplifier. 


(i) Connect the circuit as shown in Fig. A 34. 
(ii) Repeat steps (ii) to (ix) of 1 (a). 
(iii) To measure input impedance repeat steps (x) to (xiii). 
The input impedance of an operational amplifier in the non-inverting mode 
is quite large. When a resistance R, is connected from non-inverting 
terminal to ground for the purpose of providing a dc. bias path, the input 
impedance would be approximately R,. To obtain large input impedance, 
a large R, is connected. 
.(v) To measure output impedance, repeat steps (xv) to (xxii) in 1 (a). 


2, Summing Amplifier 


Re=100 Kn 


Fig. A"3.5 : Summing Amplifier. 


‚@).. Connect {һө circuit as in Fig. А 3.5. This circuit can sum up three signals. 
“A, B and C are the input points. 


| 


(i) 


(iii) 
(iv) 


(у) 


(vi) 
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Connect a signal source at A setting it at a convenient frequency say I KHz 
and small output. Observe and measure the signal level at the output 
of the amplifier. There should be no distortion. 


Repeat step (ii) above by connecting signal generators at inputs B and C. 


Connect the same signal at A and B simultaneously. Observe the output. 
It should. not ре distorted. Measure the output and compare with that 
in (ii) and (iii) above. Observe the phase of the output signal with-respect 
to the input signal. 

Repeat step (iv) above by connecting the same signal at inputs A, B and C 
simultaneously. : j 


Try different sources at A, B and C and observe the output. 


Voltage follower. 


Ку: and Rp: 0 


Input 


Vin 


Fig. A 3.6: Voltage follower. 


Connect the circuit as shown in Fig. A 3.6. 

Repeat steps (ii) through (vi) of 4 (a). 

Increase the input signal level and find the limit when the output is 
distorted. 


To measure input impedance, repeat steps (x) to (xiv) of 4 (a). 


To measure output impedance, repeat steps (xv) to (xvii) of 4(a). 


(a)  Differentiator and (b) Integrator 
Connect the circuits as shown in Fig. A 3.7 (a) and (b). 
Measure the d. c. voltages at every рош. 


Connect. small level sinusoidal signal say ata frequency of 4 KHz at the 
input terminal: Observe the output waveform on СВО; and measure the 


output amplitude and phase. 
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Cr 


10 to 22 pf4 


Res100 KA 


Input ni 
V Output 
in 100 O01 ptd , 
to x Vo 
2200. 
В; * 
100 Kn 


(b) 


Fig. A 3.7 (a) : Differentiater and. (b) integrater. 


(iv) Mathematically differentiate and integrate a sinusoidal function say, A 
sin ot. and compare the results with the experimental observation as made 


` in (iii) above. 


(v) Apply a 1 KHz square wave or pulse train of small amplitude to the input. 
Obserye: the ohtput waveform and measure its amplitude. Compare 
‘your results’ with what уой would obtain by mathematical differentiation 


and integration of a square or pulse train, 
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EXPERIMENT NO. 4 


Logic Gates 


à 


Aim : Verify the truth table of LOGIC GATES like AND, OR, NOT, NAND, 


NOR, EX-OR. 
(1) AND: The truth table and symbol of a logic AND PS are shown in 
Fig. A4.t. 


Note: The truth table can be verified by connecting eithec zero volts (logic 0) 
or five volts (logic 1) to the inputs A(pin 1) and B (pin 2)and observing 
the output C at pin 3... Thus if 5 volts (1) is connected to A input and 
zero volts (0) to the B input; the outpnt will be Low (0) and soon. When. 
5 volts input is given to both A AND B, the ор; is 5 volts (1). 


7408 i 
truth table symbot 


Fig. A 4.1 


(2) OR : The truth table and symbol of a logic OR Gate are shown in Fig. 
A4.2. 


2539. 
truth table symbol 


А+В ж С 


B 
(2) 


Ріг, A743 


(3) NOT ; .. The truth table and symbol of a NOT circuit are shown in Fig. 
А 4.3, NOT can be easily realised by a NAND or NOR Gate. 
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7404 
truth table symbol 


Fig. A 43 


(4) NAND: The (ruth table and symbol of a NAND Gate are shown in 
Fig. А 44. 


Nole: Any input being 0 the oulput. is 1. 


7400 
truth table symbol 
A.Bec 
(0 - 
(3) 
БЕП С»ош 
Fig. A 4.4 


(5) NOR: The truth table and symbol of a NOR Gate are shown in 
Fig. A 4.5, 


Note : = Any input being 1 the output is 0. 


7402 
truth table symbol: 
A+B=C 
(2) 
A (1) 
Be Сои 
(3) 
Fig. А 4.5 


(6) EX-OR : The truth table and symbol of a EX-OR Gale are shown in Fig. 
A 4.6. "Though an EX-OR chip 7486 is available, the EX-OR 
gate can he made using NAND/NOR gates only or a combination 
of gates can be used. 
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8 { 
_ truth table symbol 
А@В=С 


Fig. A 46 


Exercise 1; Realise a EX-OR gate using NAND gates only. 


Exercise 2.: Realise a EX-OR gate using other gate circuits; 
A-B+A-B=CG 
Exercise 3: What is the action of the circuit connected as shown in Fig. 
A 4.7(a) ? Wire two NAND gates as in the circuit and find its 
truth table. 


Exercise 4 : — A latch circuit is shown in Fig. A 4,7(b. Find its truth table. 


Fig. А: 4.7(a) 


| Fig. A 4.7(b) 
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EXPERIMENT NO. 5 
Flip — Flops 


Aim : To study the operation of a JK Master-slave Flip-Flop and to : 
(i) verify its truth table 
(ii) use it as a counter 
(iii) use it as a shift register 


Note : 7476 is a typical JK Master-Slave Flip-Flop (FF) with “Preset” and 
.and "Clear". The preset allows the FF to be set, i.e., the Q.output is 
made High (H). The clear allows the FF to be Reset such that the Q 
output is made LOW (L). Both preset and clear are independent of the 
clock. To activate the FF both preset and clear are held at High. The 
data is read at the ў and К inputs when the clock is High and із trans- 
fered to the output when the clock goes to Low. 


The Trath Table is shown in Table A 5.1. 


Truth table 
Table A 5.1 


14. Verify the truth table : 


identify all the pins and their counections from Fig. A 5... Notice that 
there are two separate JK FFs in the same package. 


(i) Preset: Connect pin 3 to High (—5V) and pin 2 to Low (—0V.). Observe 
the voltage at pin 15. It will be High indicating that the ЕЕ 
is set. 
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Clock | 


A 
Ky 


clear 1 
preset ! preset 2 


Fig. A 5.1 : JK FF (7476. 


(i) Clear : Connect pin 2 to Н and pin 3 to L. Q, will be Low iudicating 
Reset. 


(iii) Toggle : Connect pins 2 and 3to H and pins 4 and 5to H. Connect 5V 
to pin 1 — the clock 1. Observe Q, and Q,. Now remove the 
5V supply from pin 1 giving rise to the-negative trailing edge. 
Observe the change at Q, and 01. 


(iv) Verify other entries of the truth table in a similar fashion, 


2, FF as a Counter : 


(a) Count or Divide by 2: 


The FF is connected as shown in Fig. A 5.2. J and K are connected to H 
and a pulse generator is connected to the clock pin 1. Observe the waveforms 
at pin 1 and 15, Every time the clock goes to L from H the FF toggles. The 
frequency of the output signal is half that of the input thus making it a divide by 
2 counter. 


Fig. A 5.2 : Count by 2, 


4508 BASIC ELECTRONICS 
(b) Divide by 4 : 


The two FFs of 7476 are connected in cascade as shown in Fig. А 5.3. The 
Q, of the first FF is connected to clock 2 of the second FF. The JK inputs of 
both FFs are connected to Н for toggling. The “clear” is normally connected 
to H. For resetting it is connected to L and then back to H making the counter 
ready for operation. Input pulses are applied by the pulse generator. Observe 
the waveforms at clock 1,0, and Q,. The frequency of the output-is one fourth 
that of the input. 


clock 2 


Genetator 


Clear 


Fig. А 53 : Count by 4. 


3. FT as Shift Register : 


Connect the two FFs as shown in Fig. A 5.4. Give a ‘clear’ signal to 
initialise the FFs. The dala lo be stored is connected at the Data input as shown. 
(The NOT is used if the DATA and its complement are not available). The 
DATA is read into-Uie FI when the clock is High and is transferred to the Q output 
when the negative transition of the clock takes place. Observe the outputs of 


the FFs as the data is entered into it. ‘The data shifts from one FF to another 
with each clock. 
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Fig. A 5.4 : Shift Register. 


Exercise т Make a D FF using a JK FF. 


EXPERIMENT NO. 6 
Counters 


Aim : To study the operation of a Decade Counter (IC 7490). 


Note : The IC 7490 is a decade counter chip. It consists of 4 Master-slave FFs 
connected to provide a divide by 2 counter and a divide by 5 counter. 
The two counters can be connected together to give a divide by 10 counter. 
This chip also has gated Reset inputs. By a proper combination of the 
output and these reset inputs the counter сап be made to count by 3, 
4, 6, 7, 8, 9 also. The pin connections are shown in Fig. A Bi 


The truth table for the-lteset input is shown in Table A б, 1- 
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14 
A input ' 


Binput 


г- 
0 
1 
! 
П 
! 
1 
! 
| 
I 
D 
t 
1 
[ 
П 
1 
l 
! 
[ 
| 


L 


TX 


во) RO(2) RS(1) R9(2) 


Reset inputs 
Fig. A 6.1 : Decade Counter. 


ч OW RF WN = 


Table A 6.1 Truth Table 


Under the conditions 1 and 2 the counter is ‘reset’ to all Low and under 
condition 3 to a specific reset with Q, and Q, as Low, and Q4 and Qp as High. 
. Under all other conditions the counter counts. 
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(i) Count of 2: The counter is connected as shown in Fig. A 6.2. Observe 
the waveforms at pins 12 and 14. The frequency is divided by 2. 


Vec = 5V 


QA fo/2 
QB 
Qc 
Qp 


Waveform 


Fig. A 6.2 : Count of 2. 


(i) Count of 5 : To count by 5, the counter is connected as shown in Fig. 
A 6.3. Observe the waveforms at Ов, Qg and Qp. 


For five pulses at the input, only one pulse is obtained at the output. 


(i) Count of 10: The chip is connected as shown in Fig. A 6.4 for a count 
of 10, It is seen that the two stages of count by 2 and 5 are connected in 
cascade. Observe the waveforms. The last FF Qp goes Н at the end of 
the 8th pulse and goes L.at the 40th pulse. The input frequency f is thus 
divided by ten and is available at the output point. 


(iv): Count of 6: For any other count other then 2, 5 and 10 the reset inputs `. 
have to be used to reset the FF at a particular instant. A count of 6 circuit 
is shown in Fig. A 6.5, for example, where Resets RO (1) and RO (2) are. 
connected to Ов and Qg respectively and the Resets R9(1) and R9 (2) are 
connected to L. z 
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QD 4/5 


Qp M [a] 


Fig, A 63 : Count of 5, 
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Pulse . ) 
Generator ut s 


402.273: 24576-—7: 8/79; 10709 


Waveforms. 


Fig. A 6.4 : Count of 10. MUR Os 
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The count proceeds normally till the sixth pulse. When the sixth pulse 
occurs Q4 goes Low and О» goes High. Since Qo is already High, the two reset 
inputs are High. From the truth table, condition 2, we see that the FFs are all 
reset to Low for this situation. Thus Q4, Ов and Ос become Low at the end of 
the sixth pulse. The output is taken from Qc and is as shown. It will be difficult 
to observe the ‘spike’ at Ор. 


Pulse 
Generator 


Qc { | | 
Fig. A 6.5 : Count of 6. 
Exercise : Set up. the decade counter to divide by 3, 4, 7, 8, 9. 


(Hint: Look into the count of 10 sequence and develop suitable 
‘reset’ condition from the truth table). 
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EXPERIMENT NO..7 


Timers 


Aim : To study the timer circuit (IC 555) as a square wave oscillater aud 
one-shot multivibrator. РЕТ 

Note : Functional circuit diagram of IC 555 tinier is shown in Fig. A 7.4 (в) 
and the chip diagram in Fig. A 7.1 (b). . 


) 


b) Chip diagram 
Fig. A 7.1 : Timer Circuit. 


The circuit consists of two comparators. a FF and a switch 7, along with 
‘the associated circuitry. . Тһе THRESHOLD dnt TRIGGER Levels are set at 
2 1 | 
з oc and geo respectively. These levels can be altered by the use of control 
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voltage at pin 5. When the trigger input falls below the trigger level of 1/3 Vog 
the set input 5 of the FF goes ‘High’ making Q go ‘Low’. The output at pin 3 
will be High. Similarly when the threshold input exceeds the threshold level of 
2/8 Уос! the Reset R goes High making Q High. The output at pin 3 will be Low. 
We see that when Q is High the base of 7, is at a large positive voltage with 
respect to the emitter. A low impedance rath is therefore provided between 
the collector terminal—called the Discharge terminal—and the ground. 


1. One Shot multivibrator : 


Connect the timer as shown in Fig. A 7.2(a). Details are given in Fig. 
A 7.2(b). Apply a trigger pulse at pin 2, thetrigger input. Initially when the trigger 
signal level is higher than 1/3 Voc, the О = High and the LED does not glow. 
Since base of 7, is at large positive potential, the collector pin 7 is practically at 
ground potential and the capacitor C4 is short circuited. Moment the Voltage at 
рїп 2 goes helow 1/3 Veg (= 1.67 V.), the comparator Il goes High and 0 = Low. 


Trigger | | | | 
Output | : | 
tw 


` Waveforms 


a) One shot muitivibrator 


rur e 
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Trigger V, Y 


(b) Circuit diagram 


Fig. А 7.2 : 555 as one-shot multivibrator, 2" 


The transistor 7, is open circuited and the C, starts charging to Vog through Ад. 
LED starts glowing (Note : the negative trigger canbe applied by connecting 
pin 2 momentarily to ground). Т } 

As the voltage across the capacitor C4 and thus at the threshold | input, 
reaches 2/3 V,, (= 3.33V.) the comparator I goes High resetting the FF Q = H 
and T, again produces a short circuit at pin 7. The width of the pulse at pin 7 
is tp = 1.1 А, Са. The LED stops glowing. Measure tẹ by your watch and 
observe the waveform at pin 3 and 7. І 


2. NE 555 as а Pulse Generator : 


Connect the circuit as shown in Fig. A 7.3. Since pin 7 is either open circuit 
or short circuit to ground, the capacitor C charges through (Ry + Ra) and 
discharges through Аһ. : 


Observe the waveforms at pins 3, 6 and 7. Explain the operation of the 

circuit. It can be shown that ` 
tg = 0.693 (R4 -H Rp). C 

| 1, = 0.693 Ra C 

1 444 

T^G + OR 


and f = 
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Vec#5V 


Waveform 


Fig. A 7.3 : Pulse generator using 555. 


Exercise : Make the output a square wave. 


EXPERIMENT. — 8 


T'ransistor Amplifiers 


(i) To measure the voltage gain, the frequency response the input impedance 
and the output impedance of a common emitter amplifier. 


(i) To measure the voltage gain, input impedance aud output impedance of au 
emitter follower (common collector amplifier). 


J——— € 
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(1) Common emitter amplifier : i 


(i) Connect the circuit as shown in Fig. A 8.1. The capacitors should also 
be connected as shown. They are not optional as they were in Op-Amp. 


experiments.. 
Input 
Vin 
Tre Transistor: CIL 474/475/490/АС127 
(or any other NPN transistor 
with 259350 ^ 5. 
m 
Base DiagRAM 
(bottom view) 
8 
( х 8 c 
others 474 4$0 


Fig. A 8.1: C. E. Amplifier. 


(i) Study the four resistance biasing of the amplifier, Measure the d.c. voltages 
at the emitter and collector. The base voltage should be measured by a 
high impedance electronic multimeter. Calculate the collector current 
from those measurements. | : 

(iii) Analyse the biasing circuit and comparo the measured and the calculated . 
bias voltages and currents, 

(iv) To measure the gain and frequency response of the CE amplifier, go through 
steps (iii) to (ix) of 4(a) in experiment-3. The step (viii) is not required here. 

(v) Repeat steps (x) to (xiii) of 4(a) in experiment No. З to measure ihe input 
impedance. : К 
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(vi) Measure the output impedance By following steps (xv) to (xxii)'a as described 
in 1 (a) of experiment-3. 


(vii) Compute the gain, upper cut-off frequency, the input and the output 
impedances theoretically and compare your results with experimental values, | 
as measured. 


(2) Emitter follower (Common colléctor amplifier) 


(i) Connect the circuit.as shown in Fig. A- 8.2. 


(ii) Measure the d.c. voltages абе base (with high impedance electronic 
voltmeter) aud tbe emitter and determine the emitter current. 

(iii) Analyse the biasing circuit theoretically and compare the results with 
experimental measurements. į 1 

(iv) Repeat steps (iii) to (ix) of 1(a) in experiment 3.for measuring gain, phaseshift 
and frequency response.: The step (viii) is not valid in this case. 

(у) To measure the input impedance "go moron steps (x) to (xiii) as in 1(a) of 
experiment 3. 


(vi) Follow steps (xv) to (xxii) as described in 1(a) of experiment 3 to measure 
the oulput impedance, 


(vii) Compute the gain, the inpul and the outpul impedances theoretically and 
compare with experimentally measured values. 


Vcc 
«12v 


100 Ko A «100 


t 
Car 2910 Output 


Vo 


Kn 


aM 


‘Tee Transistor CIL 474 / 475/490 / AC127 
xol } Aor any.other NPN transistor 
with A. = 50-150) | 


Fig. A 82 


APPENDIX — B 


Device Data 


Practical data of various analogue and-digital electronic devices are given in 
the following tables. Some of the typical «levices which may approximately meet: 
the given characteristics are also mentioned, 2 1 


Table B-1 2 Diodes 8 
Gencral General AM & FM Rectifier 
purpose purpose detectors (Silicon) | 
(Germanium (Silicon) (Germanium) 
point ES 
contact) pe ЖЬ 
Absolute max. rations at 25°C. т 
| Forward current (mA) 45—60 90—100 | 35—50 
| Repetitive peak forward | m 
ч current (mA) 150 100—120 
| Reverse voltage (volt) 60—90 30— 60 
| Repetitive peak rev. voltage 100—115 — A 
| (volt) 2 А 01 | 
| Forward voltage at forw, 0.1—0:2 0507 © 015—03 4.5 at 5A. 
| current = 0.1mA (volt) : ‹ КР ДЕЛЕ: Б, ЭҢИШ 
Reverse current at rev. 0,5—15 0,025 0.1—2.8 10 at max. 
voltage = 1.5V. (pA) i v rev, voltage 
Operating temp. range °C —50 to 475 = У 5040 -475 5 =i 


Typical devices OA BI ГВА100,: . . OA79,  BY!00. 

j OARS CA2R © {мб _ | 
OA 91. a HE > | 

INS8A { 

1294 NE 
SERUUM K 
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B.4 DIGITAL DEVICES 
Table B.4.1 


Supply Current 


ss — 


Devices Іссн(тА) Iccr(mA) 
Total with outputs High f Total with outputs Low 

TYP | МАХ “TYP MAX 
7400 4 8 м 12 22 
7404 6 12 18 33 
7410 3 6 9 16.5 
7420 2 4 6 11 
7430 1 2 3 6 
7402 8 16 14 27 
7427 10 16 16 26 
7408 11 21 и) 33 
7411 8 15 14 22 
7432 15 22 23 38 
7486 30 50 i 36 57 
7473 i 
7476 ] Average per Flip-Flop 9 17 
7474 


7490 26 + 39 
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Table B.4.3 


Switching characteristics at Vee = 5V 


ірін (ns) їрнІ (ns) · 
Device Propagation Delay Time Propagation Delay Time 
Low to High Level Output High to Low level Output 
MIN БҮК МАХ MIN TYP MAX 
7400, 7410 11 22 T 15 
7404, 7420 12 22 8 15 
7430 13 22 8 15 
7402 12 vw 8 15 
7427 7 11 10 15 
7408, 7411 17.5 27 12 19 
7432 10 15 14 22 
7486 15 23 11 17 
* 7473, 7476 16 25 25 40 
7474 ре 25 = 40 
**7490 10 16 12 18 
* Clock frequency Typ. 20 MHz & Min 15 MHz 
** Clock frequency Typ. 42 MHz & Min 32 MHz 


LS ae 


АА 


11. 


12, 


13. 


Parameter 


Threshold voltage level 
as a percentage supply 
‘oltage 

Threshold current 


Trigger voltage level 


Trigger current 
Reset voltage level 
Reset current 


Control voltage 


Low level output voltage ` 


High level output voltage 


Supply 'current 


Initíal accuracy of timing 
interval 


Output pulse rise time 


Output pulse ‘fall time 


664,22 


Table B.4.4 


555 Precision Timer 


Test condition 555 


| 66 
E 
Vee = 15У m 
Veo = 5V 1123,67 
3 
04: 7-751 
o1 
Vee = 15V 9 10 
Vee — SV 2:6\дў 3.3 
Veo = 15У; А 
Тор = 50 mA E 
Ve = 5V; 46 
Io = 8 mA 
Voe = 15V ; 1275 13.3 
Іон ——100 mA ; 
Veo = 5У; 2.75. 33 
Іон =— 100 mA 
Output Low ; І 10 
Veo = 15V 
Output High ; 1g 
Veo = 5V 
10 
100 


25 


411 


mA 


mA 


1sec. 
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B-5 PIN ASSIGNMENT 


7400 Quad 2- input NAND gates 
7404 Нех: inverters 


Y= АВ 


7402 Quad 2-tnput NOR gates 7408 Quad 2-input AND gates 


££,,95 
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Ys ABCD 


Ms Y = ABCDEFGH 


7 
Gnd 


7411 ‘Triple 3-Input AND gate 7430 8-nput NANO gates 
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п GG 6 к: 020; 


Ха A+B+C 


7427 Triple 3-input NOR gates 
7473 Dual J-K flip-flop with clear 
[meurs fureurs 
ere Тк аа | 
YeA+B 


ге хх хан 
гу: ро [51 
pH TU гн 
pH ан fe [н 


[н Гүн |н [ross | 
7473 


7432 Quad 2-Input OR gates 


Truth fable 
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ку Q,0 K Q: J 
CLR2 CLK2 Q2 ra etd 2% 2 
2 


PRU Ji CLK 2 CLR2 
7476 Dual J-K flip-flop with preset and clear 


яле Т [тешз 
Pa Таята ре fa fa 
efe fea 
EER 


7474 Оча! О positive edge triggered 
flip-flop with preset and clear 


[t pu] 


[meurs [oureuis 
атак оа Га | 
FSEE 


7426528 
+ 
Truth table 


This configuration is nonstable 

Qo = The level of Q before the 

2474 indicated. input conditions 
Truth table . were established 
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V=AB+ AB 


Thresh 
Cont. уо! 


7490 Decade counter 


555 Timer 


APPENDIX С 


Some Physical Constants 


Quantity 


Symbol 


Value 


Avogadro's number 
Boltzmann constant 
Electronic charge 
Electronic mass 
Electron volt 


Electronic charge to electronic 
mass ratio 


Faraday's constant 
Gas constant 
Permittivity of free space 


Permeability of free space 

Planck's constant 

Proton mass 

Proton mass to electron mass ratio 
Stefan-Boltzmann constant 


Thermal voltage (Т = 300 K) 


Velocity ‘of light 


q/m 


kr 


[^ 


6.024 x 10% Molecules per mole 
1.381 x 4079 IPK 
1.602 x 1079 coulomb | . 
9.1085 х 407! kg 

1.602 x 10719 Joule 

4.759 x 40% coul/kg 


9.649. x 10° coul/mole 
8.314 J/ (deg) (mole) 

8.85 x 107 farad/m 

= 4/367 x 10°) farad/m 
4m x 10° henry/m 
6.625 x 107% Joule-sec. 
1.673 x 107 kg 

1.837 x 410° 

5.67. x 40* Wim?) imr 


M 059 x 107 volte 
q 


2.998 x 10* mis. 
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deci Bel (dB) 


Power gain in dB. = 10 log 


BIS 


V 
s, Voltage gain in dB = 20 log E 
t 


Current gain in dB = 20 log 


me 


(Subscript 'o stands for output and subscript i stands for input), 
Conversion of voltage or current. and power ratios into dB. and. vice-versa 
are given in the following tables, 


Table D-1 Conversion of voltage or current ratios into dB 


| 


Voltage Ratio 0 л 2 3 4 es .6 7 8 9 


.000 .828 (1.584 227 2.923 3.522 4.082 4:609 5105 5:575 
6.001. 6.444 6.848 . 7.235 7.604 7.959 8.299 8.627 8.943 9.248 
9.542 9:827 10.103 10.370 10.630 10.881 11.126 11.364 11.596 11.821 
12.041..12.256 12.465 .12.669 12.869 13.064 13.255 13.442 13.625 13.804 
15.979 14.151 14.320 14.486 14.648 14.807 14.964 15.117 15.269 15.417 
15.563'.15.707 15.848 15.987 16.124 16.258 16.391 16.521 16.650 16.777 
16.902 17.025 17.147 17,266 17.385 17.501 17.616 17.730 17.842 17.953 
18.062 18.170 18.276 18.382 18.486 18.588 18.690 18.790 18.890 18.988 
19.085. 19.181 19.276 19.360 19.463 19.554 19.645 19.735 19.825 19.913 


NO бо мз) ON ta & ш [ә 


For voltage’ ratios between. 0.01 and 0.099, use above table to get dB. for 
100 times the ratio and subtract 40 dB, 4 SCF 

For voltage ratios between 0.1 and 0.99, use above table to get dB for 10 
limes the-ratio and subtract 20 dB. ` Ire figs 

For voltage ratios between 1 and 9.9, use above table directly. 

For voltage ratios between 10 and 90, use above table to get-dB-for 1/10th 
of the ratio and add 20 dB. 

For voltage ratios between 100 and 990, use above table to get dB for 1/100th 
ol the ratio and add 40 dB. 


SS ee ОН 


662? 
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Table D-2. Conversion of power ratios into dB 


Power. Ratio . .0 sh yy 3: 4 E qM етл МАМА 9 .9 
1 .000  .414 .792 1.139 1.461 1.761 2041 2.304 2.553 2.788 
2 3010 .3.222 3.424 3.617 3.802 3.979 4.150 4.314 4.472 4624 
3 4.471 4.914 5.051 5.185: 5.315 5.441. 5.563 5.682 5.798 5.911 
4 6.021 6.128 6.232 6.335 © 6.435 6.532 6.628 6.721 6812 6.902 
5 6.990 7.076. 7.160 7.243 7324 7.404 7.482 7.559 7.634 7.709 
6 1.182 7.853 7.924 7.993 8.062 8.129 8.195 8.261 8.325 8.388 
7 8.451 8.513 8.573 8.633 8.692 8.751 8808 8.865 8.921 . 8.976 
8 9.031 9.085 9.138 9.191 9.243 9.294 9:345 9.395 9.445. 9.494 
9 9.542 9.590 9.638 9.685 9.734 9.777 9.823 9.868 9.912 9.956 


Foi Power Ratios between 0.01 and 0.099, use above table to get dB for 
100 times the ratio and subtract 20 dB. 


For Power Ratios between 0.1 and 0.99, use above table to get aB Mor 10 
limes the ratio and subtract 10 dB. ҮЙ. 


For Power Ratios between 1 and 9.9, use above table directly. ` 


For Power Ratios between 10 and 99, use above table to get dB for 4/40th 
of the ratio and add. 10 dB.. 


For Power Ratios ева 100 and 990, use above TUN to get dB for I 
of the ratio and add 20 dB. 


Table D-3 : Conversion of dB into voltage or current and power ratios 


Power Voltage db Voltage Power 
Rs + ; 
Ratio Ratio < > Ratio 7 Ratio 
Ree гаг 00 00g 
1,000 1.0000 0 1,000 1.000 
9772 .9886 i.d 1.012 1.023 
.9550 9772 2 1.023 1.047 
.9333 .9661 3 1.035 1.072 
.9120 .9550 4 1.047 1.096 
,8913 .9441 .5 1.059 1.122 
.8710 .9333 6 1.072 1.148 
8511 9226 Л 1.084 1.175 
.8318 9120 8 1,096 1.202 
‚8128 9016 9 1.109 1.230 
.7943 .8913 1.0 1.122 1.259 
| 6310 7943 2.0 1.259 1.585 
| .5012 .7079 3.0 1.413 1.995 
| .3981 .6310 40 1.585 2.512 
j .3162 .5623 5.0 1.778 3.162 
I 2512 .5012 6.0 1.995 3.981 
.1995 4467 - 70 2.239 5.012 
1585 .3981 8.0 2.512 6.310 
1259 3548 ` 90 > 2.818 7.943 
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Voltage 
Ratio 


+3162 
.2818 
.2512 
.2293 
.1995 
.1778 
.1585 
.1413 
.1259 
.1122 
.1000 


3.162x 107? 
10-2 
3.162 X107? 
10-8 
3.162x 10-4 
х10-* 
3.162Х 10-5 
10-5 
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Table D-3 (Contd.) 


«— 


db. 


Voltage Power 

Ratio Ratio 
3.162 10.00 
3.548 12,59 
3.981 15.85 
4.467 19,95 
5.012 25.12 
5.623 31.62 
6.310 39,81 
7.079 50.12 
7.943 63.10 
8.913 - 79.43 
10.00 100.00 
3.162X 10 108 
10? 10* 
3.162x 10? 105 
108 108 
3,162 108 10? 
104 108 
3.162x 10* 10° 
1045 1010 


Acceptor 
Active devices 
Adder, full 

half 
Addition in binary 
Alloy junction 
Alpha, 

Inverse 


Amplifier, 
A.C. 
bridge 
C. E. 
FET 
ideal 
instrumentation 
inverting 
non-inverting 
Photodiode 
vacuum tube 


Analogue signal 
AND, function 
AND Gate—TTL 
Anode 
Associative laws 
Astable multivibrator, 
duty cycle 
frequency 
period 
timing waveform 
transistor 
waveform 
Atomic structure 
Automatic voltage regulator 


Band, structure 
conduction 
forbidden 
valance 

Bandwidth, 


Base spreading resistance roy 
Battery charging 
Berkhausen criterion of oscillation 
Beta, 

d.c. 


105, 
55, 
317, 


INDEX 


18 
4 
310 
310 
310 
106 
317 
321 


121 
280 
284 
162 
187 
121 
284 
251 
249 
286 
200 


9, 
299 
324 


1, 24 


288, 
359, 


348, 


305 
357 
359 
392 
392 
358 
390 
391 

8 
436 


12 
12 
13 
13 
134 
145 
194 


Biasing, 
biasline 
external (diode) 
FET 
forward (diode) 
modified biasing 
reverse (diode) . 
self bias 
transistor 
triode 


Binaty, addition: 
numbers 
signal 


Bohr's model of atom 
Bonds, 
covalent 
ionic 
metallic 
Boolean, algebra 
theorem 
Breakdown, 
avalanche 
zener 
Bridge, amp 
rectifier 


Capacitance, in transistor 
transition 
diffusion 
Capacitor input filter, І 
half wave rectifier d.c. voltage 
full wave rectifier d.c. voltage 
Cathode, 
by-pass 
ray oscilloscope (CRO) 
ray tube (CRT) 
Charge carriers 
Child-Langmuir law 
Clamper 
Class A, B, C amplifiers - 
CLC filter 
Clear FF 
Clipper 
Clocked SR FF e 
CMOS, M Md 
Gates " 
inverter 


145 
201 
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logic circuit 313 
CMOSFET 325 
construction 226 
n-channel 325 
p-channel 325 
CMRR 262 
Collector 3 
` Collector coupled monostable 

multivibrator 396 


Collector saturation current Ico 
/54, 146, 150, 316 


Common mode. gair of diff. атр; 257 
Commutating capacitor 399 
Commutative laws 305 
Comparator 355 
Compensation of Op-amp. 271 
Complementary output circuit 268 
Complement of a function 304 
Concentration gradient 20 
Condition of oscillation, 371 
Berkhausen 365 
Colpitts 367 
Phase shift 378 
Wienbridge 374 
Conduction angle 416, 418 
Conduction band 13 
Conductivity 17 
Conversion from decimal to binary 308 
Counters, 346 
asynchronous 347 
Count of K 347 
Count of 3 347 
count of: 4 347 
count of 5 347 
count of 16 ' 347 
decade 347 
parallel 353 
synchronous 347, 353 
Covalent band 10 
Criterion of oscillation 364 
Critical, Current 430 
inductor 432 
Crystalline, structure 8,9 
lattice 17 
Cut-in voltage, 28 
transistor 316, 113 
‘diode (Va) 28, 33 
Cut-off (corner) frequency 137 
Darlington pair amplifier 266 
Decade counter · 317, 351 
feedback 351 
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state diagram 

timing waveform 

2,5 
deci Bel (dB) 
Deflection sensitivity 
Depletion region 
Desensitivity, feedback amp. 
Devices, 

active 

passivo 

semiconductor 

solid state 
D flip-flop 
Difference amp. 
Differential amp. 
Differential mode gain 
Differentiation with Op-amp. 
Diffusion, 

current 

technique 
Digital signal 
Diode, 

equation 


gas 
light emitting 
photo diode 
pn junction 
pnpn 
Schottky barrier 
semiconductor 
tunnel 
vacuum 
varactor 
Zener 
Dissipation hyperbola of max. power 
Distortion reduction 
Distributive laws 
Donor 
Doping 
Drain saturation current 
Drift current 
Driving point parameters, 
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Electronic structure 
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Emitter, 
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low frequency response 
Emitter follower, 
equivalent circuit 
input impedance 
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Energy, levels 
hydrogen atom 
transition 
Energy stored, 
inductor 
Equivalent circuit, 
BJT 
crystal 
EET 
high frequency 
pentode 
triode 
Equivalent function 
Error Amplifier 
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Ex-OR, function 
realisation 
External voltage gain 
Extinction angle 
Fan out, 
CMOS 
TTL 
Feedback, amplifier 
factor, F (s) 
function, f(s) 
oscillators 
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input impedance 
output impedance 
Fermi level 
Field effect transistor 
FET, Junction 
breakdown 
channel 
characteristic 
depletion region 
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FET, insulated gate 
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Filters, active, 
band pass 
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low pass 


103, 


224, 229, 
224, 230, 


INDEX аў ; 489 


238 
238 
13 
62 
62 
65 
64 
64 
63 
65 
66 
66 


Fiiters, high pass ^ 134 
low pass ^ 134 
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Free running multivibrator айо «288 
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Colpitts oscillator . 367. 
multivibrator Dino ной. 2355 
phase-shift oscillator , 370 
tunnel diode dibus ov 386 
Wienbridge any 374 
Frequency stability mT 384 
Frequency of sweep signal 400 
Frequency response of CE dd 154 
high frequency i ИИИ 74 
low frequency одна 5162, 
mid-band 173 


Frequency response of FET amplifier, nt 
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amplifier, 
high frequency 
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Full adder 
Full wave rectifier, 
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ripple factor 
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Gain 
CE amp. 
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current 
differential amp. 
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difference mode 
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Op-amp 
open loop 
margin 
power DN i 
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voltage 
Gas diode 
‘Gas tube, 
hot cathode 
Germanium 
Generator, frequency 
sine wave 
' Square wave 
Glow discharge, 
cold cathode 
Grid 
Grown junction transistor 
Half adder 
Half wave rectifier, 
d.c. current 
d.c. voltage 
ripple factor 
Harmonic content of, 
fullwave rectifier 
halfwave rectifier 
hře 
hFE 
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High pass filters 
High voltage in TTL 
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Hybrid parameters 
I C fabrication 
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Ideal amplifier 
Ideal op-amp. 
Ignition angle 
Impurity | 
Inductor input filter, 
d.c. voltage 
* ripple factor 
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CE amp. 
differential 
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feedback amp. 
FET amp. 
Op-amp. 
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Input offset voltage of op-amp. 


Instrumentation amp. 
Integration, А 
LSI 
MSI 
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“VLSI 
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Integrator using op-amp. 


Inverse mode of operation of transistor 
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Inverting amp. 
Ionic band 


Ionisation energy of gases _ 
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Majority carriers 
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delay 
frequency 
gate time 
Op-amp. 
pulse width 
MOSFET 
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Multiple emitter, logic gates 
transistor 
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monostable 
NAND, function 
CMOS gate 
TTL 
Negative feedback, 
advantages 
disadvantages 
NE 555 timer, 
astable multivibrator 
monostable multivibrator 
Noise immunity, CMOS 
TTL. 
Non.inverting amp. 
NOR, function 
CMOS gate 
RTL gate 
TTL gate 
NOT function 
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Numeric display 
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One-shot multivibrator - 
Op-amp. 
compensation 
open-loop gain 
slew rate 
OR function 
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Clapp 
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feedback ' 
harmonic content 
Hartley 
Lc 
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phase shift 
RC 
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354 Parameters, 
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301 Pentode 

328 Phase margin 

319 Phase response · 
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300 high frequency 
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48 Photodiode - 

307 Photodiode amp. 

455 Photoresist 
Piezoelectric crystal 
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Planar technique 
Plate resistance 
pn, junction diode 
300 charge density 
367 forward bias 
367 reverse bias 

367 Potential, barrier 
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388 Power dissipation, CMOS gates 


364 TTL gates 

363 Precision rectifier 

367 Preparation of Silicon 
367 Preset in FF 

386 Propagation delay, 
378 CMOS 

374 Schottky TTL 
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367 p-type 
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Pulse generator, 396 
waveform 397 
Purification of Germanium 0103 
Ramp signal generator 402 
Rectification 1127 
Rectification, controlled 73, 96 
Rectifiers 32 
bridge 434 
fullwave 407 
halfwave 411 
peak 34 
Register, shift 333, 344 
left shift 346 
right shift 346 
Regulation, line 438 
load 437 
voltage 40, 91, 436 
Regulated power supply 436 
Regulator chip 4/A-723 439 
Reset in FF 334 
Response, frequency 137, 154, 194, 204 
high .pass 134, 291 
low pass 134, 291 
magnitude 137 
phase 136 
Reverse saturation circuit 54 
Richard-Dushman equation 76 
Ripple counter 347 
Ripple factor, fullwave 412 
halfwave 410 
Roll-off characteristic of op-amp. 272 
RTL gate circuits 319 
logic circuits 309 
Sample & hold circuit 288 
Saw-tooth waveform 400 
Schottky barrier, diode 37 
transistor 325 
Self bias in FET 187 
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intrinsic 3, 16 
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frequency 
Miller 
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Television spectral content 
Thermal runaway 
Thermionic emission 
Thyratron 
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